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ABSTRACT 
Amphibians living in agricultural areas encounter many challenges. Two factors 
affecting individuals in these landscapes are habitat loss and pesticides.  This thesis focuses 
on amphibians using agricultural wetlands in Iowa, where row crops such as corn and 
soybeans dominate the landscape. The goal of my first study was to determine the influences 
of site characteristics on amphibian presence and success. I used occupancy analysis to 
estimate proportion of area occupied by four species as a function of eight covariates 
hypothesized to affect occupancy: fish abundance, salamander abundance, invertebrate 
density, vegetative cover, wetland area, water atrazine concentration, surrounding crop land 
use, and overall wetland health score.  
 We surveyed 27 wetlands in 2015 and 2016. Occupancy analysis results indicate 
almost all covariates were supported in our model sets although their estimated effects were 
weak. Direction of predicted effects of covariates on amphibians varied by species and life 
stage. Results show that wetland site occupancy for species in our study ranged from 0.23 to 
0.95. Although we did not find strong evidence that the environmental factors we measured 
influenced amphibian occupancy, we provide insight on amphibian use of a modified 
agricultural landscape. 
 The goal of my second study was to understand where and when frogs are most 
susceptible to pesticide exposure and how that exposure relates to accumulation. We 
hypothesized habitat use would influence a frog’s exposure to pesticides. We radio tracked 
72 Northern Leopard Frogs (Lithobates pipiens) in agricultural wetlands and assessed their 
survival. We used Passive Sampling Devices (PSDs) to test for differences in pesticide 
exposure among grassland, wetland, and agricultural habitats.  
vi 
 
 
 We found that pesticide concentration analyzed from PSDs varied among habitat 
types (P < 0.01) with concentration greatest in agricultural habitats. Amphibians frequently 
used wetland habitats early in our study, and transitioned into grassland habitats later in the 
summer, using agricultural fields rarely. Number and concentration of pesticides were 
greatest in tissues collected in May, but few pesticides were detected in individuals captured 
in August (P < 0.01 and P < 0.01, respectively). Our results indicate risk of pesticide 
accumulation is highest in aquatic habitats earlier in the year. 
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CHAPTER 1.  INTRODUCTION  
Background 
 Amphibians are the most endangered class of vertebrates in the world (Kolbert 2014). 
Ongoing global population losses have prompted vigorous research into their declines and 
conservation efforts (Biek et al. 2002; Wake and Vredenburg 2008). Amphibians provide 
unique ecosystem services and their absence in an environment can have negative ecological 
effects. For example, larval life stages greatly influence nutrient cycling in wetlands (Seale 
1980; Whiles et al. 2006). They are an important component of the food web and provide one 
of the main pathways for energy transfer between the aquatic and terrestrial environment 
(Whiles et al. 2006). They are also good indicators of ecosystem health (Pollet and Bendell-
Young 2000), partially due to their highly permeable skin which is pathway for considerable 
uptake of pesticides (Van Meter et al. 2014).  
 Amphibian population declines are attributed to several factors including disease, 
introduced species, and climate change (Adams 1999; Blaustein et al. 2010; Voyles et 
al.2009), yet landscape modification is acknowledged as one of the biggest contributing 
factors to amphibian losses. Approximately 40% of the earth has been converted to 
agriculture (Bruinsma 2003; Collins and Crump 2009; Gallant et al. 2007). In addition to the 
loss of natural habitat, amphibians in agricultural landscapes may be exposed to pesticides 
that exacerbate population declines (Collins and Crump 2009; Mann et al. 2009).  Pesticides 
commonly applied to crop fields have a wide range of negative effects on the health of many 
amphibian species (Groner and Relyea 2011; Taylor et al. 2005).  
 The risks associated with land use change and pesticide exposure due to agriculture 
are particularly relevant to amphibians in the Midwestern United States, where agriculture is 
2 
 
 
2
  
a dominant land use (Kingsbury and Gibson 2012). Despite the risks, amphibians persist in 
such highly modified landscapes, and state of Iowa is an excellent example. During the past 
two centuries 90% of Iowa’s landscape has been converted from grasslands and wetlands to 
row crop agriculture (Bishop 1981; Bogue 1994; Gallant et al. 2011). Studying amphibians in 
Iowa provides insight about factors that influence amphibian persistence in a modified 
landscape, and to inform managers on conservation strategies in similar habitats. 
Furthermore, research on amphibians in Iowa provides a unique opportunity to investigate 
pathways of exposure to agricultural pesticides in amphibians. 
 I designed two studies to investigate issues relating to amphibians in a highly 
modified agricultural landscape, focusing first on the influence of site and landscape 
characteristics. The goal of my first study was to estimate occupancy and detection 
probability for four anuran species in Iowa wetlands and to model the effects of 
environmental covariates and an overall wetland quality score on site occurrence. My second 
study focused on fine scale pesticide exposure in different habitats for individuals post-
breeding. The goal of this study was to radio track Northern Leopard Frogs (Lithobates 
pipiens) in agricultural wetlands and correlate their habitat use with exposure to pesticides 
and pesticide presence in their tissues.  
Thesis Organization 
 Chapter 1 is a general introduction to this thesis, and subsequent chapters are 
organized as manuscripts for submission to academic journals. Chapter 2 is formatted for 
submission to the journal Herpetologica. The focus is the estimation of the probability of 
occupancy for four anuran species in Iowa wetlands and investigates the influence of 
environmental site characteristics on occupancy and detection. Chapter 3 is formatted for 
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submission to the journal Scientific Reports and explores the movement and habitat use of 
Northern Leopard Frogs at two agricultural wetlands and assesses potential pesticide 
exposure in different habitats. Chapter 4 is a general conclusion for the information in this 
thesis. Appendices include supplementary information on wetlands, statistical models, radio 
telemetered frogs, and details about pesticides detected in wetlands and amphibian tissue. 
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CHAPTER 2. FACTORS INFLUENCING ANURAN WETLAND OCCUPANCY IN 
AN AGRICULTURAL LANDSCAPE 
Modified from a manuscript for submission to the journal Herpetologica 
Jennifer E. Swanson1, Clay L. Pierce2, Stephen J. Dinsmore1, Kelly L. Smalling3, Mark 
W. Vandever4, Timothy W. Stewart1, and Erin Muths4 
Co-authors contributed to the data collection and preparation of this manuscript 
Abstract 
 Habitat disturbance is an important cause of global amphibian declines, with 
especially strong effects in areas of high agricultural use. Determining the influence of site 
characteristics on amphibian presence and success is vital to developing effective 
conservation strategies. We used occupancy analysis to estimate presence of four anuran 
species at wetlands in northern Iowa as a function of eight environmental covariates 
hypothesized to affect occupancy: fish abundance, salamander abundance, invertebrate 
density, aquatic vegetative cover, wetland area, water atrazine concentration, surrounding 
crop land use, and an overall wetland health score. We surveyed 27 wetlands seven times 
total in 2015 and 2016. Leopard Frogs (Lithobates pipiens) and American Toads (Anaxyrus 
americanus) were found at 100% of the sites, Boreal Chorus Frogs (Pseudacris maculata) at 
96%, and Gray Treefrogs (Hyla spp.) at 81%.   
______________________ 
1 Department of Natural Resource Ecology and Management, Iowa State University, Ames, 
IA 50011, USA 
 
2 US Geological Survey, Iowa Cooperative Fish and Wildlife Research Unit, Ames, IA 
50011, USA 
 
3 US Geological Survey, New Jersey Water Science Center, Lawrenceville, NJ 08648, USA 
 
4 US Geological Survey, Fort Collins Science Center, Fort Collins, CO 80526, USA 
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Results showed that wetland site occupancy for all species in our study ranged from 0.23 
(Hyla spp. tadpoles) to 0.95 (L. pipiens adults), indicating agricultural wetlands can provide 
refuge or habitat for amphibians. Detection probabilities ranged from 0.13 (P. maculata 
adults) to 0.61 (A. americanus adults). Fish abundance, percent of surrounding cropland 
within 500 m of the wetland, and salamander abundance were among the variables best 
supported in our model sets although their estimated effects were weak. The direction of their 
predicted effects varied by species and life stage. For example, aquatic vegetative cover 
positively influenced A. americanus tadpoles, while amount of surrounding crop land (corn 
and soybeans) negatively influenced Hyla spp. adults. Although we did not find strong 
evidence that the environmental factors we measured influenced amphibian populations in 
our study, we provide insight for managers and researchers on how amphibians use a 
landscape modified by agriculture. 
Introduction 
Habitat disturbance is among the greatest threats to biodiversity worldwide (Vitousek 
1992; Sala et al. 2000). One of the primary causes of disturbance is the conversion of natural 
landscapes to agriculture (Tscharntke et al. 2005; Turner et al. 2008). Currently, almost 40% 
of the earth’s total land area is used for agricultural production (Bruinsma 2003). Wildlife 
management in modified habitats is important to preserve biodiversity (Frissell and Bayles 
1996) but conservation in disturbed landscapes can be challenging without understanding 
landscape characteristics that influence populations. Loss of natural habitat has varying 
effects on taxa, but species with limited dispersal abilities such as amphibians may be 
disproportionately affected when habitat connectivity is reduced (Cushman 2006).  
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 Despite sensitivity to environmental disturbance, amphibians occur in many 
landscapes modified for agricultural production. Some frogs indigenous to Japan rely on rice 
fields that have replaced their natural wetlands and risk extinction without access to these 
modified habitats (Kato et al. 2010). In Europe, Natterjack Toads (Epidalea calamita) persist 
in cultivated areas using marginal habitat for refuge in the post-breeding season (Miaud and 
Sanuy 2005). As agriculture intensifies globally, amphibians will continue to use, or attempt 
to use, modified habitats. Stressors such as contaminants, disease, and non-native predators 
further the need for proactive management efforts to mitigate amphibian declines in 
agricultural landscapes (Kingsbury and Gibson 2012). Amphibians in these suboptimal 
habitats may be more vulnerable to threats and have an elevated need for protection or 
management.  
 For conservation strategies to be effective, it is vital to understand how, and how 
successfully, amphibians are using modified landscapes. Successful use of a habitat can be 
characterized by the presence of breeding adults and multiple age classes (indicating 
recruitment; Semlitsch 2001; Muths et al. 2014). Because amphibians use both aquatic and 
terrestrial habitats, their presence can be affected by a combination of site and landscape 
attributes (Kingsbury and Gibson 2012). Determining attributes that influence amphibian 
distribution and success in modified habitats is relevant to a wide range of amphibians living 
in such habitats worldwide.  
 In Iowa, amphibians persist despite the fact that more than 90% of Iowa’s landscape 
has been converted from grasslands and wetlands to row crop agriculture during the past two 
centuries (Bishop 1981; Bogue 1994; Gallant et al. 2011). Seventeen species of frogs and 
toads inhabit Iowa’s agricultural landscape (IDNR 2006). Although amphibians are present 
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in these modified habitats, amphibians in the Midwestern United States are estimated to be 
declining at a rate of 3% annually (Grant et al. 2016) and species once abundant such as the 
Leopard Frog (Lithobates pipiens) are less common (Lannoo 1998; Hemesath 1998). To 
begin to untangle the relationships among amphibian presence and environmental factors, we 
used occupancy modeling to explore which characteristics are associated with presence of 
multiple anuran (i.e., frog and toad) species in Iowa wetlands. 
 One approach to assess the presence/absence of species across a sample of sites is 
occupancy analysis (Mackenzie et al. 2002). Importantly, covariates can be included to 
enable relationships between occupancy and environmental factors to be measured directly; 
this is vital because occupancy is likely to be determined by site specific attributes 
(Mackenzie et al. 2002). Understanding the effects of covariates on occupancy of amphibian 
species is key for the development of management strategies because it gives managers the 
ability to focus on effective conservation strategies shown to affect target species (Mackenzie 
and Bailey 2004).  
 We developed hypotheses about the effect of environmental covariates which are 
likely to affect the occupancy of anurans on this landscape: fish abundance, Tiger 
Salamander (A. tigrinum) abundance, aquatic vegetation cover, aquatic macroinvertebrate 
density, wetland area, atrazine concentration, and crop land cover within 500 m radius of the 
wetland. We also investigated whether an overall wetland condition index (WCI), developed 
using our focal covariates plus other environmental characteristics, could be a predictor of 
anuran presence (Sundberg et al. 2016). We hypothesized that probability of detection 
depends on time and is influenced by survey-specific air temperatures and the amount of 
aquatic vegetation cover.  
10 
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Materials and Methods 
Study sites 
 We surveyed 27 permanent or semi-permanent flooded palustrine wetlands (Fig. 1; 
Cowardin et al. 1979) in the Prairie Pothole Region of north-central Iowa. Wetlands were 
selected by Sundberg et al. (2016) using previously collected biophysical data (e.g., fish 
presence and chloride concentration), site visits, and assessment of orthophotos to ensure 
broad variation in landscape and wetland characteristics across study sites. Wetlands were 
owned privately (n = 4), by County Conservation Boards (CCBs; n = 11), or by the Iowa 
Department of Natural Resources (IDNR; n = 12; Appendix A1). 
Study species 
We conducted surveys of four anuran species: American Toad (Anaxyrus 
americanus), Northern Leopard Frog (Lithobates pipiens), Boreal Chorus Frog (Pseudacris 
maculata), and Gray Treefrog spp. (Gray Treefrog, Hyla versicolor and Cope’s Gray 
Treefrog, Hyla chrysocelis are not distinguishable by morphological traits and were treated 
as one taxon for the purposes of our study; IDNR 2006). None of these species are listed as 
threatened or endangered in Iowa although there are documented declines of L. pipiens, P. 
maculata, and Hyla spp. (Lannoo et al. 1994; Knutson et al. 2000). 
Amphibian surveys 
Surveys were conducted from May to August in 2015 and 2016. We used a 
combination of visual encounter, call, and dipnet surveys to determine the presence of each 
species in a wetland (Crump and Scott 1994; Thoms et al. 1997). Each wetland was surveyed 
four times in 2015 and three times in 2016. Surveys were conducted by one or two 
independent observers walking the perimeter of the wetland to visually detect adults and egg 
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masses and listen for vocalization of adult males. Dipnet samples were taken every 3 m to 
sample tadpole and metamorph life stages. Surveys lasted 1 - 2 hrs, depending on the length 
of the wetland perimeter.  
Environmental data collection 
 Environmental variables (Table 1) were collected in 2015 as part of another study 
(Sundberg et al. 2016). Fish and salamander abundance were measured once in each wetland 
using three fyke nets and three mini fyke nets spaced evenly and oriented perpendicularly to 
the wetland edge for 24 hr. Aquatic macroinvertebrates were sampled using a stovepipe 
sampler at five evenly spaced locations in open water around the wetland edge. Insects and 
mollusks were identified to family, whereas most other taxa were identified to order, class, or 
phylum. Percent aquatic vegetation cover was estimated once annually by establishing five 
parallel transects at evenly spaced locations across each wetland, dividing each transect into 
five sections of equal length, and estimating plant cover from one randomly selected 1.0 m2 
plot located within each transect section. Percent plant cover was averaged across all 25 plots 
in the wetland. In June, water samples were collected and assessed for atrazine concentration. 
Wetland area and the percent of crop cover within 500 m of each wetland were estimated 
using GIS. Using a combination of these and additional variables identified by Sundberg et 
al. (2016) to be reliable condition indicators, a WCI score of 1 to 5 (1 = poor, 5 = good) was 
given to each wetland as an overall rating of wetland health. Variables were assigned to one 
of three categories: land cover descriptions, physical metrics, and biological metrics. Each 
category was given a rating and the total WCI score was calculated by averaging ratings from 
all three categories (Stewart and Weber 2016; Sundberg et al. 2016). Air temperature (˚C) 
was recorded at the end of each anuran survey at the wetland edge. 
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Data analysis 
 To investigate environmental factors hypothesized to influence the presence of 
anurans we examined both site- and landscape-level characteristics using an occupancy 
framework (Mackenzie et al. 2002). Bailey and Adams (2005) define occupancy as “the 
proportion of sites, patches, or habitat units occupied by a species”. Survey data were 
analyzed using single-season occupancy models accounting for detection probabilities <1 
using Program MARK (V6.1; Mackenzie et al. 2002; 2004; 2006). Occupancy modeling 
provides estimates for two parameters: the probability of detection given that a site is 
occupied (p) and the probability of occupancy (ψ), and can be used to understand how 
environmental factors influence the likelihood of a species inhabiting a site (Scott et al. 
2002). We fit models to estimate p and ψ and to test our hypotheses to for each species and 
life stage in 2015 and 2016. We report estimates (± SE) for detection probability and site 
occupancy from the best model for all species and life stages. We analyzed 2015 and 2016 
data separately because site-level environmental covariates were measured only in 2015. We 
also analyzed life stages separately because habitat requirements vary between life stages for 
the same species. 
Probability of detection 
 Model selection was performed in two steps (Mackenzie et al. 2006). First, we 
assessed models to estimate detection probability (p). We built models which allowed p to: 
(1) stay constant over the season, p(.); (2) vary over the season by time p(t); (3) vary over the 
season by time with a linear trend p(T); or (4) vary over the season by time with a quadratic 
trend p(TT). We also built additive models that included survey specific air temperature 
(Temp) or percent aquatic vegetation cover (Veg) as interactive effects on t, T, and TT 
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models (16 models, Appendix B1). For the 2016 data, the six models including the 
vegetation covariate “Veg” were omitted (no data collected in 2016), resulting in fewer 
models for p in 2016 (10 models, Appendix B1). We used Akaike’s information criterion 
corrected for small sample sizes (AICc) to determine which models were best supported by 
the data. The model structure(s) on p with a ΔAICc <2 were retained and used subsequently 
in our assessment of occupancy.  
Probability of occupancy 
 We built a set of models to estimate the probability of occupancy for each species and 
life stage using the model structure(s) that were supported for detection probability. We 
hypothesized that eight site and landscape level covariates (Table 1) would influence the 
probability of occupancy. We assessed models where occupancy was constant (i.e. no 
influence by covariates, ψ(.)) and models that included one or two of the eight covariates 
(2015 data only) using the combinations approach (Doherty et al. 2012). For example, after 
building models to estimate occupancy on the detection probability model structure p(T), we 
had a set of 37 total models (Appendix B2).  
 Due to model selection uncertainty for some species we performed a variable weights 
estimation using our list of candidate models to determine which two covariates were most 
important for each species and life stage (Burnham and Anderson 2003). Variable weights 
estimation determines which covariates are most influential to occupancy relative to one 
another when model selection is uncertain by summing the AICc weights of all models 
containing each covariate in a balanced model set. By calculating variable weights we were 
able to compare the cumulative AICc weights of each environmental covariate and determine 
which covariates were the most influential for occupancy relative to one another. Some 
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parameters (p or ψ) were not well estimated if they approached a parameter boundary 
(estimates near 0 or 1.0). We used Markov Chain Monte Carlo (MCMC) estimation on the 
model with the best support for each species and life stage to obtain estimates of detection 
and occupancy parameters (White et al. 2006).  
Results 
 We conducted four surveys at 27 wetlands (n = 108 total surveys) in 2015 and three 
surveys at the same 27 wetlands (n = 81 total surveys) in 2016. Across both years we 
detected the presence of at least one life stage of A. americanus and L. pipiens at all wetlands 
(100%), Hyla spp. at 22 wetlands (81%), and P. maculata at 26 wetlands (96%; Table 2). 
Environmental covariates were collected only in 2015 (Table 3). 
Probability of detection 
 In both years the probability of detection for all species and life stages was influenced 
by time with the exception of the detection of A. americanus metamorphs and Hyla spp. 
adults in 2015, which had a constant detection probability. The influence of temperature was 
supported for A. americanus adults in 2015, Hyla spp. for adults and tadpoles in 2016, and 
for P. maculata tadpoles in 2016. The aquatic vegetation cover covariate received little 
support from the data, although this covariate negatively influenced detection of L. pipiens 
tadpoles in 2015 (Table 4).  
Probability of occupancy 
 Our results indicated that occupancy varied by species and life stage. Hyla spp. 
tadpoles in 2016 had the lowest probability of occupancy (0.23 ± 0.09) while L. pipiens 
adults in 2016 had the highest probability of occupancy (0.95 ± 0.04; Table 4; Fig. 2). 
Occupancy estimates were similar between years for each species and life stage, with the 
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greatest differences between tadpoles of the Hyla spp. (0.51 ± 0.11 in 2015 and 0.23 ± 0.09 
in 2016) and P. maculata (0.94 ± 0.05 in 2015 and 0.68 ± 0.21 in 2016; Table 4; Fig. 2). 
Results of the variable weight estimation showed that all covariates (except aquatic 
invertebrate density) were among the top two most influential covariates for at least one 
species and life stage. Fish abundance, surrounding crop cover, and salamander abundance 
were the covariates that influenced occupancy of several species and life stages (Table 5). 
Wetland area, atrazine concentration, vegetative cover, and WCI also were shown to 
influence occupancy probability, but for only a small number of species and life stages 
(Tables 5, 6). 
Discussion 
 In modified habitats where amphibians are able to persist, it is important to determine 
how environmental factors influence their presence. Understanding the relationship that 
amphibians have with their environment in these landscapes will help us effectively manage 
these areas to the advantage of amphibians. The focus of this study was to use occupancy 
modeling to explore the presence of anuran species in wetlands in an agricultural landscape 
and to explore the influence of site characteristics on occupancy. We estimated detection and 
occupancy probability for four anuran species in northern Iowa. Some species and life stages 
were excluded from analysis due to non-detections or too few sites occupied (e.g., egg 
masses of all species, metamorphs of Hyla spp. and P. maculata, and P. maculata adults in 
2015).  
 Top models included covariates that influenced occupancy for all species and life 
stages, but none of them appear strong (i.e., 95% CI of each model coefficient includes zero). 
Although these model effects were weak, we note that the trends of many covariates match 
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our hypotheses and may still have biological significance because the model coefficients 
trend towards either positive or negative. Surveying additional sites with a mix of species 
occupancy might help clarify the effects of these covariates.  
 Fish are known predators of amphibians and their presence is often a strong indicator 
of occupancy (Hecnar and M’Closkey 1997; Hero et al. 1998). Although fish abundance was 
one of the top two covariates in four of our model sets, model coefficients estimating 
influence were all zero. Of the 27 wetlands, fish known to be predators of anurans were 
present in only three. Two sites contained Black Bullhead (Ameiurus melas) and Green 
Sunfish (Lepomis cyanellus), while the other site was in close proximity to a river and 
contained Bullhead, Sunfish, and Northern Pike (Esox lucius). By far, the two most common 
fish species detected at our wetlands were Brook Stickleback (Culaea inconstans) and 
Fathead Minnow (Pimephales promelas). Both of these species are planktivores (feeding on 
zooplankton or phytoplankton) and neither has been documented to influence anurans by 
direct predation. Although they may alter wetland ecosystems by changing oxygen levels or 
vegetation communities, Herwig et al. (2013) showed that planktivores alone had very little 
effect on ranid tadpoles.  
 We detected American Bullfrogs (Lithobates catesbeianus) at some wetlands during 
our study. Bullfrogs are known predators of other ranids and have been shown to affect other 
amphibian species negatively (e.g., Pearl et al. 2004) but were not included as a covariate in 
this analysis due to low detection (4 sites in 2015 and 5 sites in 2016). Furthermore, sites 
with bullfrogs contained all anuran species, with the exception of Hyla spp. at two sites. 
 Contrary to our hypotheses, the percentage of crop cover within a 500 m radius of 
each wetland had a positive influence on A. americanus adults and metamorphs and L. 
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pipiens metamorphs. In our study area, the primary agriculture classes are annual row crops 
such as corn and soybeans, which are rotated frequently between years (USDA 2016). We 
chose a 500 m radius because amphibians have been shown, in other studies in agricultural 
landscapes, to have a “core” zone of about 300 m (Semlitsch and Bodie 2003) but at times 
travel further, up to 1 km from the wetland (Pember et al. 2002; Porej et al. 2004; J. 
Swanson, unpublished data). It is possible that we did not see a negative effect of 
surrounding crop cover on A. americanus because they tend to tolerate human influence and 
are more resilient to desiccation compared to many frog species (Green 2005). In a study on 
agricultural wetlands in Minnesota, USA, Knutson et al. (2004) found that ponds surrounded 
by row crops did not have a negative effect on amphibians relative to ponds surrounded by 
nongrazed pasture.  
 We hypothesized that atrazine would have a negative influence on site occupancy by 
anurans. Although this hypothesis was supported for L. pipiens tadpoles, atrazine showed a 
positive influence on occupancy of Hyla spp. tadpoles. Other studies have shown that 
atrazine can have adverse indirect effects on amphibian species through immunosuppression 
and causing reproductive failure (Hayes et al. 2003; Mann et al. 2009). It is possible that 
Hyla spp. tadpoles are less susceptible to these indirect effects of atrazine or that the 
observed concentrations in our wetlands were not high enough to cause noticeable effects on 
site occupancy. Laboratory studies (Hayes et al. 2003) have shown that atrazine doses up to 
200 µg/L did not directly affect larval mortality, time to metamorphosis, length, or mass at 
metamorphosis. They suggest a threshold effect at 1.0 µg/L, which is slightly higher than our 
site mean concentration of 0.7 µg/L (SD = 2.5). However, even at low concentrations 
18 
 
 
1
8
 
 
atrazine has the potential to negatively affect amphibian health, which would not be revealed 
by an occupancy analysis. 
 We included an overall measure of wetland health (the WCI) as a covariate in our 
analyses. We found that the presence A. americanus adults and P. maculata tadpoles had a 
positive association with wetlands with high WCI values, but a high WCI score was not a 
reliable indicator for presence of the majority of species and life stages. The WCI is 
representative of overall wetland condition, which is an essential metric to consider for 
general wildlife diversity at wetlands and should not be overlooked. However, our results 
show that it may not capture the attributes that are of greatest relevance to anuran occupancy. 
For example, to managers seeking to conserve endangered species may find it more 
important to focus on individual environmental factors than an overall measure of site 
condition.  
Conclusions 
 We documented high site occupancy by anuran amphibians in highly modified 
landscapes but were unable to pinpoint specific environmental characteristics that might be 
driving variation in occurrence.  Although our analysis did not unequivocally support our 
hypotheses, our data reflected a potential for many of the covariates to affect occupancy in 
ways that we predicted. In many cases, previous work supports the importance of our 
selected covariates (Babbitt et al. 2003; Knutson et al. 2004; Hartel et al. 2007; Amburgey et 
al. 2014).  We found that amphibians were able to use wetlands in a highly modified 
agricultural landscape for habitat or refuge. However, it is important to note that our study 
assessed the presence of species but did not estimate survival or determine health of 
individuals.  
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 Using occupancy modeling to investigate the influence of wetland attributes relevant 
to disturbed habitats, our results lay a foundation for understanding how amphibians are 
using landscapes that have undergone modification. Although amphibian presence is thought 
to have an association with good overall wetland quality, our study did not find strong 
evidence that a high WCI value was associated with increased amphibian occupancy. In a 
highly modified landscape such as Iowa, the greatest obstacle in identifying environmental 
characteristics that drive amphibian occupancy may be the artificial landscape 
homogenization. Amphibians here may use any areas of available habitat, even suboptimal 
habitats, out of necessity. This indicates in areas of high agricultural land use the addition of 
even small habitat patches may be beneficial to amphibian populations (e.g. for providing 
“stepping stones” for dispersal; Watts et al. 2015). This information will help managers 
determine the most effective management strategies for conservation in such modified 
landscapes whether they be in Iowa or other systems with pervasive changes.  
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Tables 
Table 1. Hypotheses of covariate effects on probability of amphibian occupancy and 
detection in Iowa. Fish and salamander abundance were measured as number of individuals 
(n) and aquatic invertebrate density was recorded as number of individuals/m3. Aquatic 
vegetation cover was measured as percent of open water cover, and cropland at 500 m 
indicated percent of land use calculated within a 500 m radius of the wetland edge. 
Covariate 
Hypothesized 
effect 
Reasoning 
Occupancy   
Fish abundance (n) Negative 
Amphibian predator, precludes use by amphibans (Hecnar and 
M’Closkey 1997; Hero et al. 1998, Herwig et al. 2013) 
Salamander 
abundance (n) 
Negative Amphibian predator (Maret and Collins 1994) 
Aquatic vegetation 
cover (%) 
Positive 
Vegetation provides cover and food source for tadpoles (Hartel et 
al. 2007) 
Aquatic invertebrate 
density (n/m3) 
Positive Provides food source for amphibians (Babbitt et al. 2003) 
Wetland area (ha) Positive 
Species-area relationship: larger areas tend to contain more 
species (Conner and McCoy 1979; Findlay and Houlahan 1996) 
Atrazine 
concentration ( g/L) 
Negative 
Atrazine may have indirect negative effects on amphibians by 
disrupting immunity or reproductive success (Mann et al. 2009; 
Rohr And McCoy 2010) 
Cropland at 500 m 
(%) 
Negative 
Cropland alters amount of terrestrial habitat and limits dispersal 
(Collins et al. 2009) 
WCI (score 1 – 5) Positive 
Amphibians are associated with good wetland health (Dunson et 
al. 1992; Welsh and Ollivier 1998) 
Detection   
Survey air 
temperature (˚C) 
Positive 
/Negative 
Amphibians are less active at temperature extremes, making 
them more difficult to detect during surveys 
Aquatic vegetation 
cover (%) 
Negative Reduces visibility and obstructs dip net sweeps 
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Table 2. Naïve proportion of sites occupied by anuran species and life stages in Iowa, 2015-
2016. 
Species Life Stage 2015 2016 
A. americanus 
Adult 16/27 (59%) 21/27 (78%) 
Metamorph 6/27 (22%) 11/27 (41%) 
Tadpole 17/27 (63%) 9/27 (33%) 
Egg 1/27 (4%) 2/27 (7%) 
Hyla spp. 
Adult 12/27 (44%) 7/27 (26%) 
Metamorph 3/27 (11%) 0/27 (0%) 
Tadpole 13/27 (48%) 5/27 (19%) 
Egg 0/27 (0%) 0/27 (0%) 
L. pipiens 
Adult 24/27 (89%) 26/27 (96%) 
Metamorph 26/27 (96%) 25/27 (93%) 
Tadpole 21/27 (78%) 14 (52%) 
Egg 0/27 (0%) 4/27 (15%) 
P. maculata 
Adult 1/27 (4%) 7/27 (26%) 
Metamorph 1/27 (4%) 1/27 (4%) 
Tadpole 24/27 (89%) 7/27 (26%) 
Egg 0/27 (0%) 0/27 (0%) 
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Table 3. Measurements with associated standard deviations (SD) and range of values for 
environmental covariate data collected in Iowa, 2015. See Appendix A2 for site specific 
covariate values. Metrics for fish and salamander abundance are measured in number of 
individuals (n) and aquatic invertebrate density is recorded in number of individuals/m3. 
Aquatic vegetation cover is measured as percent of total open water cover, and cropland at 
500 m indicates percent of land use calculated within a 500 m radius of the wetland edge. 
Covariate Mean SD Range 
WCI (score 1 – 5) 3.1 1.1 1.5 to 4.6 
Fish abundance (n) 1,553 4,208 0 to 19,856 
Salamander abundance (n) 20 27 0 to 88  
Aquatic vegetation cover (%) 85 18 27 to 98 
Aquatic invertebrate density (n/m3) 363 316 37 to 1,291 
Wetland area (ha) 2.1 2.0 0.3 to 8.4 
Atrazine concentration ( g/L) 0.7 2.5 0.1 to 13.0 
Cropland 500 m radius (%) 33 17 0 to 72 
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Table 4. The most supported model (highest AICc) for each species, life stage, and year in 
Iowa, 2015 and 2016. ψ = estimate of occupancy probability ± standard deviation (SD). AICc 
= the relative measure of model support, w = model weight, and k = the number of 
parameters in a model. See Appendix B3 for all supported models (ΔAICc < 2). 
Species Life Stage Year Model ψ AICc w k 
A. 
americanus 
Adult 
2015 p(T+Temp)ψ(WCI,Invert) 0.86 (±0.12) 87.49 0.31 6 
2016 p(TT)ψ(.) 0.91 (±0.07) 75.73 0.28 4 
Metamorph 
2015 p(.)ψ(Crop,Fish) 0.45 (±0.20) 49.85 0.24 4 
2016 p(t)ψ(.) 0.64 (±0.18) 63.03 0.43 4 
Tadpole 
2015 p(TT)ψ(Veg,Fish) 0.80 (±0.13) 90.2 0.19 6 
2016 p(T)ψ(.) 0.76 (±0.17) 52.89 0.33 3 
Hyla spp. 
Adult 
2015 p(.)ψ(Crop,Fish) 0.61 (±0.16) 90.38 0.31 4 
2016 p(T*Temp)ψ(.) 0.68 (±0.20) 45.46 0.69 6 
Tadpole 
2015 p(TT)ψ(Atrazine,Fish) 0.51 (±0.11) 60.04 0.24 6 
2016 p(T+Temp)ψ(.) 0.23 (±0.09) 34.84 0.66 4 
L. pipiens 
Adult 
2015 p(t)ψ(Area) 0.89 (±0.06) 141.33 0.04 6 
2016 p(TT)ψ(.) 0.95 (±0.04) 97.41 0.29 4 
Metamorph 
2015 p(T)ψ(.) 0.94 (±0.04) 56.46 0.08 3 
2016 p(TT)ψ(.) 0.91 (±0.05) 59.47 0.29 4 
Tadpole 
2015 p(TT+Veg)ψ(Sal) 0.91 (±0.07) 94.47 0.13 6 
2016 p(t)ψ(.) 0.77 (±0.14) 76.18 0.32 4 
P. 
maculata 
Adult 2016 p(T)ψ(.) 0.70 (±0.19) 37.95 0.53 3 
Tadpole 
2015 p(TT)ψ(WCI,Crop) 0.94 (±0.05) 89.05 0.06 6 
2016 p(t*Temp)ψ(.) 0.68 (±0.21) 50.45 0.21 5 
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Table 5. Results of variable weights estimation on anuran occupancy in Iowa, 2015. Each 
column represents a species and life stage. A = Adult, M = Metamorph, T = Tadpole. Values 
show the weight given to each covariate relative to one another and indicate their relative 
influences on probability of occupancy. The two most influential covariates for each species 
and life stage are in bold print. WCI = wetland condition index values (score 1-5), Fish = fish 
abundance (number of individuals), Sal = salamander abundance (number of individuals), 
Veg = aquatic vegetation cover (percent of total wetland cover), Invert = aquatic invertebrate 
density (number of individuals/m3), Area = area of wetland (ha), Atrazine = concentration of 
atrazine detected in wetland ( g/L), and Crop = percent of land use in corn or soybeans 
calculated within a 500 m radius of the wetland edge. 
 
A. americanus Hyla spp. L. pipiens P. maculata 
Covariate A M T A T A M T T 
Area 0.15 0.04 0.07 0.01 0.05 0.32 0.16 0.19 0.17 
Atrazine 0.03 0.05 0.07 0.03 0.41 0.08 0.12 0.31 0.07 
Crop 0.46 0.59 0.09 0.81 0.04 0.09 0.19 0.08 0.35 
Fish 0.22 0.87 0.34 0.96 0.92 0.30 0.19 0.08 0.27 
Invert 0.35 0.04 0.13 0.04 0.12 0.12 0.12 0.11 0.10 
Sal 0.09 0.11 0.37 0.02 0.11 0.28 0.23 0.51 0.08 
Veg 0.09 0.04 0.50 0.05 0.12 0.15 0.13 0.19 0.30 
WCI 0.42 0.07 0.15 0.02 0.07 0.15 0.14 0.11 0.31 
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Table 6. Estimates of model coefficients with corresponding 95% CI for the two most 
influential covariates determined by variable weight estimation for each species and life stage 
in Iowa, 2015. Direction of predicted effect (positive [+] or negative [-] = hypothesized 
relationship between the covariate and occupancy). A = Adult, M = Metamorph, T = 
Tadpole, WCI = wetland condition index values (score 1-5), Fish = number of individual 
fish, Sal = number of individual salamanders, Veg = aquatic vegetation cover (percent of 
total open water cover), Invert = aquatic invertebrate density (number of individuals/m3), 
Area = area of wetland (ha), Atrazine = concentration of atrazine detected in wetland (µg/L), 
and Crop = percent of land in corn or soybeans within a 500 m radius of the wetland edge. 
Covariate 
Predicted 
Effect on 
ψ 
A. americanus Hyla spp. L. pipiens 
P. 
maculata 
A M T A T A M T T 
Area + 
     
0.17 
(-0.17, 
0.52) 
   
Atrazine - 
    
0.07 
(-0.13, 
0.30) 
  
-0.04 
(-0.31, 
0.25) 
 
Crop - 
1.27 
(-1.82, 
4.40) 
0.66 
(-2.63, 
3.28) 
 
-0.20 
(-3.38, 
3.00) 
  
1.12 
(-2.02, 
4.22) 
 
-0.05  
(3.35, 
3.03) 
Fish - 
 
0.00 
 
0.00 0.00 0.00 
   
Invert + 
 
 
 
 
       
Sal - 
  
-0.02 
(-0.05, 
0.01) 
   
0.01 
(-0.03, 
0.04) 
0.00 
 
Veg + 
  
0.12 
(-2.85, 
3.34) 
      
WCI + 
0.04  
(-0.65, 
0.83) 
       
0.36 
(-0.28, 
0.97) 
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Figures 
 
Figure 1. Map depicting locations of the 27 wetland study sites sampled in four counties in 
northern central Iowa, USA, with land cover information (USDA 2016). 
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Figure 2. Amphibian occupancy by species and life stage in Iowa, 2015 (light grey) and 
2016 (dark grey). Error bars represent 95% confidence intervals. Estimates are from the 
model with the most support (Table 4). 
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CHAPTER 3. AMPHIBIAN HABITAT USE AND PESTICIDE EXPOSURE IN 
AGRICULTURAL WETLANDS 
Modified from a manuscript for submission to the journal Scientific Reports 
Jennifer E. Swanson1, Erin Muths2, Clay L. Pierce3, Stephen J. Dinsmore1, Mark W. 
Vandever2, Michelle L. Hladik4, and Kelly L. Smalling5 
Co-authors contributed to the data collection and preparation of this manuscript 
Abstract 
 Pesticides are hypothesized to cause global amphibian population declines. However, 
potential pesticide exposure for amphibians among different habitats has been poorly studied 
in field settings. To mitigate potential health effects of pesticides on amphibians it is 
necessary to understand where and when frogs are most susceptible to exposure and how that 
exposure relates to accumulation and individual health. We hypothesized that habitat use 
would influence a frog’s exposure to pesticides. We used radio telemetry to track 72 
Northern Leopard Frogs (Lithobates pipiens) in two agricultural wetlands in 2015 – 2016 to 
determine if survival probability differed relative to the amount of time spent in different 
habitats (grassland, wetland, and agriculture). We also used Passive Sampling Devices 
(PSDs) to determine if pesticide exposure in frogs differed relative to habitat use.  
_____________________ 
1 Department of Natural Resource Ecology and Management, Iowa State University, Ames, 
IA 50011, USA 
 
2 US Geological Survey, Fort Collins Science Center, Fort Collins, CO 80526, USA 
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5 US Geological Survey, New Jersey Water Science Center, Lawrenceville, NJ 08648, USA 
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 To do this, we compared pesticides found in PSDs with accumulation in amphibian 
body tissue. We found that pesticide concentration found in PSDs was greatest in agricultural 
landscapes, followed by wetlands and grasslands (P < 0.01). Amphibians used wetland 
habitats frequently in the spring and early summer, and then transitioned into grassland 
habitats later in the summer. They rarely used agricultural fields. Number and concentration 
of pesticides were greatest in tissues from frogs collected in May, when individuals were 
using wetland habitats, but almost no pesticides were detected in individuals captured in 
August, when frogs were using primarily terrestrial areas (P < 0.01 and P < 0.01, 
respectively). Our results indicate that amphibians may be at higher risk of pesticide 
accumulation while using wetland habitats earlier in the year. 
Introduction 
 
 Pesticides are one of multiple stressors that contribute to amphibian declines, but their 
population-level health effects are still poorly understood (Davidson 2004; Mann et al. 2009). 
Our knowledge of the impact of pesticides on amphibians is limited in part because rate of 
exposure in the field is unknown (Fryday and Thompson 2012). Pesticides occur frequently 
in amphibian habitats and have been shown to accumulate in their tissues (Fellers et al. 2014; 
Smalling et al. 2013, 2015); however, precise routes of exposure at the field and individual 
scale have not been investigated. Sensitivity to pesticides can vary by chemical and species 
(Shah et al. 1983; Bridges and Semlitsch 2000), and rates of an individual’s metabolism and 
excretion both influence the effect of a pesticide. Compounding this complexity is the bi-
phasic nature of many amphibians. Amphibians use aquatic and terrestrial habitats which are 
prone to change, not only between years but also within a single season, contributing to a 
fluctuation in pesticide presence and concentration (Ashauer et al. 2006; Fryday and 
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Thompson 2012). This is especially true in agricultural areas where pesticides are commonly 
applied but vary in type and amount from year to year (Handy 1994; Reinert et al. 2002).  
 Due to their unique physiology and life history, amphibians are more vulnerable to 
pesticides than other wildlife species (De Lange et al. 2009; Quaranta et al. 2009). 
Amphibians go through distinct life history stages and utilize a wide variety of habitat types 
which increases the type and number of pesticides they are likely to encounter during their 
lifetime (Todd et al. 2011; Fryday and Thompson 2012). Further, amphibians have highly 
permeable skin which allows for considerable dermal uptake of pesticides (Van Meter et al. 
2014, 2015). Contact with pesticides can cause death or a range of sub-lethal effects in 
amphibian species (Mann 2009). Health effects vary from immune suppression to 
reproductive and behavioral changes which may lead to population declines (Brodkin et al. 
2007; Hayes et al. 2003; Brühl et al.  2013; Denoël 2013).  
A better understanding of exposure potential in their various habitats will provide 
insight into the health threat that amphibians face from pesticides. Researchers have 
proposed that the terrestrial environment has the potential to significantly contribute to an 
amphibian’s pesticide accumulation and is a topic that warrants further investigation (Brühl 
et al. 2011, 2013; Van Meter et al. 2014). For example, some species (e.g. toads) spend the 
majority of their adult life in terrestrial environments, and may be exposed to the greatest 
amount of pesticides outside of wetland habitats (Bartelt et al. 2004; Brühl et al. 2011). 
However, this has not been tested in the field. Several field studies have noted that the 
pesticides detected in frog tissues could not be explained by the aquatic habitats in which 
they were captured (Smalling et al. 2013, 2015; Battaglin et al. 2016), leaving questions 
regarding the role habitat use or preference plays in pesticide exposure and accumulation. To 
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our knowledge the exposure potential for a suite of pesticides based on habitat use has never 
been explicitly studied in any amphibian species under field conditions.  
 Understanding the complex relationships among amphibians, pesticides, and their 
environments is vital for conservation, and investigating pesticide exposure in the field is 
necessary for that understanding. To effectively design conservation strategies, we need to 
know where and when individuals are at the highest risk of exposure to pesticides. Our goal 
was to understand the role of a frog’s habitat use in pesticide exposure in the agricultural 
landscape to better assess the potential health risks of agrochemicals under field conditions.  
We hypothesized that habitat use or time spent in a particular habitat would greatly influence 
a frog’s exposure to types and amounts pesticides which would correlate to the types of 
pesticides accumulating in their tissue. 
 We used a novel application of a Passive Sampling Device (PSD; O’Connell et al. 
2014) to assess pesticide presence in different habitat types at the scale of the individual 
animal; and to facilitate comparisons of pesticides present in the habitat to pesticides present 
in the tissue of Northern Leopard Frogs (Lithobates pipiens). We also used radio telemetry to 
assess survival and determine the amount of time individual frogs spent in particular habitats 
relative to pesticide exposure. We compared pesticide type and concentration among 
different habitats and in frog tissue to determine if a relationship exists between a frog’s use 
of habitat and their pesticide accumulation. 
Materials and Methods 
Study sites 
 This study was conducted in northern Iowa, USA at two privately owned, constructed 
wetlands, approximately 40 km apart (Table 1, Fig. 1). The wetlands were embedded in a 
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highly agricultural landscape that consisted mainly of annual row crops (corn and soybeans), 
although each wetland was surrounded by a grass buffer (buffer:wetland ratio = 4:1). The 
wetlands were built to catch and hold subsurface tile drainage from surrounding agriculture 
to remove nitrate from local surface water bodies (Iovanna et al. 2008). 
Study species 
 Northern Leopard Frogs are distributed widely, ranging across the United States and 
parts of Canada (Rorabaugh 2005). Although considered a relatively common species, 
declines or extinctions have been observed in some parts of their range since the 1960s 
(Gibbs et al. 1971; Corn and Fogelman 1984). A Leopard Frog’s lifespan is approximately 2 
- 4 yrs and they reach sexual maturity at 2 - 3 yrs (Rittschof 1975). Leopard Frogs overwinter 
by resting on the substrate in waterbodies that do not freeze completely (Wagner 1997). 
Breeding occurs and eggs are deposited in aquatic environments during spring (Merrell 
1970). Post-breeding, Northern Leopard Frog adults usually move to grassy, terrestrial areas 
to forage before returning to aquatic habitats to hibernate in the fall (Pope et al. 2000). 
Field procedures  
Radio telemetry 
 We used radio telemetry to assess survival probability, home range, distance moved, 
and habitat types used in 2015 and 2016. In May we captured 10 adult frogs at each study 
site using dipnets (Table 2, Appendix C1). All frogs in this study were handled using sterile 
powder free nitrile gloves. Each frog was taken to a field laboratory and implanted with an 
internal radio transmitter (17 x 8.5 x 5.5 mm, 1.8 g; BD-2H in 2015 and 27 x 8.5 x 5.5; BD-
2HX in 2016, Holohil Systems Ltd., Canada; Yaw et al. in review). All frogs appeared to be 
healthy (no observable signs of disease) and had an average mass of 33 g. Radio transmitters 
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did not exceed 10% of the individual’s body mass (Berteaux et al. 1994; Richards et al. 
1994). After surgery frogs were held individually in plastic containers with mesh lids (4.5 x 
9.4 x 13 cm, 3 L) for 48 hrs before they were released at their location of capture. Frogs were 
located daily, from their release date in May, until August. We recorded the habitat type 
where frogs were observed and marked their location with GPS (Garmin eTrex® 30). Frogs 
were recorded in 1 of 5 habitat types: Grassland (grass buffers, pastures, or prairies); Wetland 
(wetlands, small streams and other water bodies such as ponds); Agriculture (corn and 
soybean fields); Forest (large groups of deciduous trees), or Developed (man-made structures 
such as houses or roads).  If individuals died or could not be located for > 2 wks they were 
replaced with newly captured and telemetered individuals (Appendix C1).  
Passive Sampling Device (PSD) deployment 
 We used a novel application of a silicone PSD technique (O’Connell et al. 2014) to 
quickly and easily screen for potential pesticide exposure in the different habitats. We 
purchased commercially available silicone wristbands (width: 2.5 cm; inner diameter 6.7 cm; 
24hourwristbands.com, Houston, TX) and cleaned them with ethyl acetate/hexane (three 
exchanges) and ethyl acetate/methanol (two exchanges) based on a previously published 
method (O’Connell et al. 2014). After cleaning, the PSDs were dried in a fume hood and 
stored in a sterile container before placement in the environment. We utilized PSD blanks to 
act as controls throughout our study. Three PSDs were set aside as “cleaning blanks” directly 
after the initial cleaning procedure to ensure they were truly free of contaminants. 
Additionally, each time PSDs were deployed in the field, one was set out on foil at the site 
for the duration of our work as a “field blank”. All PSDs were handled using sterile powder 
free nitrile gloves.  
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 In 2016 we assigned each radio telemetered frog (initial n = 10/site) a PSD. That PSD 
was secured to the substrate at the frog’s initial location, then relocated each time the frog 
moved (Fig. 2). Because individual frogs were relocated daily, PSDs were at a particular 
location no more than 24 hrs longer than a frog was.  Thus, the PSD “experienced” the same 
landscape encountered by that frog and provided daily information on an individual frog’s 
exposure to pesticides as it moved through the landscape. PSDs were moved with each frog 
for 2 wks and then collected and replaced throughout the season 2 to 4 times depending on 
how long the frog was tracked.  
 We also used PSDs to assess the potential pesticide exposure during different times of 
the year by placing PSDs (independent of frogs) in habitats where we most frequently 
observed our telemetered animals. We placed PSDs in 4 locations at each wetland (a 
combination of grassland, wetland, and agricultural habitats), in July - August in 2015, and 
June – August in 2016 (Fig. 3). PSDs were anchored directly to the ground surface using 
sterilized landscape staples. They were left in the environment for 2 wks and then collected 
and replaced with new PSDs in the same location.  
We placed PSDs at four aquatic locations in each wetland from November 2015 to 
April, 2016 to assess the potential pesticide exposure in overwintering frog habitat (Fig. 3). 
PSDs were zip-tied to a metal O-ring that was attached to a metal T-post driven into the 
substrate in 1 m of water (Fig. 4). The PSDs were fully submerged and in contact with the 
substrate as a Leopard Frog would be during hibernation (Cunjak 1986; Stewart et al. 2004). 
PSDs were not collected and replaced during the winter because sites were inaccessible due 
to ice cover.  
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Frog tissue collection 
 We assessed the concentration and number of pesticides in the tissues of Northern 
Leopard Frogs using a combination of individuals caught in the wetlands and radio 
telemetered individuals. In mid-summer 2015 we captured and euthanized half of our radio 
tracked Northern Leopard Frogs for pesticide tissue analysis (n = 7) and in August captured 
and euthanized the remaining frogs in the study (n = 7). In 2016 we captured and euthanized 
individuals in Mid-May prior to tracking while they were breeding and residing in the water 
(n = 10). In August we captured and euthanized all remaining radio telemetered frogs in the 
study (n = 10). Frogs were euthanized with an overdose of Tricaine Methanesulfonate (MS-
222; 0.5 g/1 L water; Fellers and Freel 1995). In 2015, whole frog carcasses were frozen and 
sent to the USGS California Water Science Center for pesticide analysis. In 2016 we tested 
organs where pesticides accumulate (Smalling et al. 2015); liver and gonads were dissected 
in the field, frozen, and sent for analysis. 
Laboratory procedures  
Passive Sampling Device (PSD) extraction 
 PSDs were extracted for pesticides using modifications from O’Connell et al. (2014).  
In the laboratory PSDs were rinsed gently with deionized water to remove particulate matter 
and allowed to dry in the fume hood.  Prior to extraction each PSD was weighed and placed 
in a pre-cleaned flask. Samples were spiked with trifluralin-d10, ring 
13C-firponil, ring-13C-
p,p′-DDE and phenoxy-13C-cis-permethrin as recovery surrogates and extracted with 50 mL 
of ethyl acetate using sonication for 2 hrs. The sample was then reduced to approximately 1 
mL.  The PSD was extracted a second time with ethyl acetate and reduced to 1 mL.  The two 
sample extracts were combined and reduce to 200 µL for analysis. Extracts were analyzed for 
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pesticides and pesticide degradates using either GC-MS/MS or LC-MS/MS. Extracts were 
analyzed on an Agilent 7890 GC coupled to an Agilent 7000 MS/MS operating in electron 
ionization (EI) mode or an Agilent 1260 bio-inert LC coupled to an Agilent 6430 MS/MS. 
Data for all pesticides were collected in multiple reaction monitoring (MRM) mode with 
each compound having one quantifier MRM and at least one qualifier MRM.  Limits of 
detection (LODs) for all compounds ranged from 2-5 ng/PSD. 
Frog tissue sample extraction 
 Whole bodies, livers and gonads were extracted and analyzed for 98 pesticides and 
pesticide degradates (Smalling et al. 2013). Briefly, tissue samples were thawed and 
homogenized with Na2SO4 using a clean, solvent-rinsed mortar and pestle. Samples were 
spiked with trifluralin-d10, ring-
13C-p,p′-DDE and phenoxy-13C-cis-permethrin as recovery 
surrogates and extracted with DCM using pressurize liquid extraction. Sample extracts were 
then dried over Na2SO4, reduced to 1 mL and 10 mL by volume of each raw extract was 
allowed to evaporate to a constant mass in a fume hood for gravimetric lipid determination to 
the nearest 0.001 g using a microbalance. A majority of the lipid was removed using gel 
permeation chromatography followed by 6  deactivated Florisil previously activated at 550 
°C for 16 h. Prior to analysis, samples were reduced to 0.2 mL, and a deuterated internal 
standard was added to each extract. Sample extracts were analyzed on an Agilent 7890 GC 
coupled to an Agilent 5975 MS operating in EI mode. Data for all pesticides were collected 
in SIM mode with each compound having one quantifier ion and 1 to 2 qualifier ions. 
Method detection limits (MDLs) for all compounds ranged from 0.5 to 4.2 μg/kg wet weight 
(Smalling et al. 2013). 
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Quality control  
 All sample glassware was hand-washed and rinsed with tap water followed by 
acetone and hexane prior to use. All solvents and other reagents were American Chemical 
Society (ACS) grade or better (Thermo Fisher Scientific). Pesticide standard materials were 
donated by the USEPA National Pesticide Repository. Purities ranged from 95 to 99. 
Performance-based quality assurance and quality control included the parallel analysis of 
procedural blanks, matrix spikes, and replicates in 10% of the samples analyzed. PSD 
cleaning and field blanks did not contain detectable levels of pesticides. Procedural blanks 
run with each batch of tissue samples did not contain detectable levels of pesticides. Means 
(± standard deviation) of trifluralin-d10, ring 
13C-firponil, ring-13C-p,p′-DDE and phenoxy-
13C-cis-permethrin added prior to the extraction of the PSDs as recovery surrogates were 90 
± 11%, 100 ± 13%, 99 ± 9%and 97 ± 6%, respectively. Means (± standard deviation) of 
trifluralin-d10, ring-
13C p,p′-DDE, and phenoxy-13C-cis-permethrin added prior to tissue 
sample extraction as recovery surrogates were 93 ± 16%, 93 ± 15%, and 95 ± 15%, 
respectively. Matrix spikes were analyzed in 10% tissue samples and the recoveries ranged 
from 66% to 129% (median of 102%), 70% – 126% (median of 99%) and 65% to 108% 
(median of 84%), respectively. PSDs and tissue for pesticide analysis were stored frozen at 
−20 °C and held for no longer than 6 mo prior to extraction. 
Statistical analysis 
Radio telemetry 
 We performed a known fate analysis in Program MARK (V6.1; White and Burnham 
1999) to estimate survival probabilities of the radio tracked Northern Leopard Frogs (n = 72). 
We included daily habitat use (i.e., the habitat type of each location for individual frogs) as 
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an individual covariate to evaluate its influence on adult Northern Leopard Frog survival. 
Each frog was assigned to 1 of 8 groups that reflected site, year, and sex (Appendix C2). 
Twelve models were fit to the data to explore survival among groups and habitat types (Table 
3). We considered models where survival was constant or differed between site, sex, year, or 
among all groups. We also fit models to include a daily habitat covariate using our 
classification of the five habitat types. Model selection was based on Akaike Information 
Criterion for small sample sizes (AICc).  
 We estimated core home range (50% quantile) and total home range (95% quantile) 
of 41 Leopard Frogs (18 M, 23 F; Appendix C1) that had ≥20 recorded GPS locations 
(Seaman et al. 1999). We used the “kde” and “isopleth” functions in Geospatial Modeling 
Environment (V0.7.4.0; Beyer 2015) using kernel density estimates.  
  We estimated the daily distances (m) each frog moved using the “pointdistances” 
function in Geospatial Modeling Environment, which assumes a straight-line distance moved 
between successive locations. We summed the daily distances each frog moved while it was 
tracked and divided the total distance by the number of days the frog was tracked to get 
average daily movement.  
 We determined the proportional use of habitat types, relative to their availability by 
calculating global selection ratios (GSRs) using the Manly Resource Selection function in 
RStudio (V0.99.903, RStudio Team 2015). Available habitat was calculated within a 1 km 
buffer (Pember et al. 2002; J. Swanson unpublished data, Bartelt and Klaver, in press). GSRs 
reflect the proportion of time an animal uses each habitat relative to the proportion of that 
habitat available to them. For example, a habitat with a GSR of 1 indicates that the animal is 
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using that habitat in direct proportion to its availability, whereas a score of >1 indicates that 
the animal shows positive selection for that habitat.   
 To evaluate whether use of habitat type by Northern Leopard Frogs changed over 
time we calculated the proportion of time each individual spent in different habitat types. 
Next, we found the median date that a frog was radio tracked (e.g., if we tracked a frog from 
1 - 30 June its median date would be 15 June). Then we plotted the average proportion of use 
for all of the frogs for each habitat type by date. 
Passive Sampling Devices (PSDs) and Frog Tissue  
 PSD data from 2015 and 2016 were combined for the purpose of our analyses. We 
used Analysis of Variances (ANOVAs) in RStudio to test for a difference in number of 
pesticides and overall pesticide concentration in the PSDs among the habitat types 
(grassland, wetland, and agriculture). We also performed ANOVAs to test for a difference in 
number of pesticides and pesticide concentrations within each of the habitat types over time 
(PSDs placed in early, mid, or late summer). Data analyzed met assumptions of constant 
variance and normality. All zero values received ½ MDL for statistical analyses.  
 We analyzed the two years of frog tissue data separately, because in 2015 we 
collected whole carcasses and in 2016 we collected liver and gonad tissues. We used a 
Kruskal-Wallis test for data not normally distributed in RStudio to test for a difference in 
number of pesticides and an independent t-test to test for differences in concentration of 
pesticides found in individuals collected in June/July vs August, 2015. We also used a 
Kruskal-Wallis test for data not normally distributed to test for differences in number of 
pesticides and an independent t-test to test for differences in concentration of pesticides 
found in individuals collected in May vs August 2016. Degradates of DDT were not included 
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in the analyses of tissue data, because they do not degrade over the period of our study and 
there was no seasonal variation in their concentrations. All zero values received ½ MDL for 
statistical analyses. 
Results 
Radio telemetry 
 We radio tracked 72 Northern Leopard Frogs during the summers of 2015 and 2016 
(M = 31, F = 41; Table 2, Appendix C1). We tracked an equal number of frogs at both study 
sites. Individuals were tracked for an average of 29 days (± 18 days; minimum = 3 days, 
maximum = 84 days). Twenty frogs died during the study (28%), 24 frogs could not be 
relocated with radio telemetry (33%), and 28 frogs were captured and euthanized for tissue 
analysis (39%). 
 The data supported 5 of our 12 known fate models (ΔAICc <2; Table 4). The model 
with the highest support was S(Sex+Habitat), which indicates that adult Northern Leopard 
Frog survival varies by sex and habitat type (Table 3). This model suggests that females have 
a lower survival probability than males and survival probability is lowest in grassland 
habitats and highest in agricultural habitats (Fig. 5). Daily survival estimates (± SE) in 
grassland, wetland, and agriculture habitats were 0.98 (± 0.00), 0.99 (± 0.00), and 0.99 (± 
0.00) for females and 0.99 (± 0.00), 0.99 (± 0.00), and 1 (± 0.00) for males, respectively. We 
did not include survival estimates in forest or developed habitats because of low use by 
Northern Leopard Frogs (Forest = 12/1,639 or 0.7% and Developed = 5/1,639 or 0.3% of 
recorded frog locations).  
 We analyzed the home ranges of radio tracked individuals with ≥ 20 recorded 
waypoints locations (n = 41; F = 23, M = 18); on average females had a larger home range 
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than males (Table 5). However, total movement and average daily movement of male frogs 
were slightly higher than female frogs (Table 5).  
 Radio tracked frogs selected for grassland and wetland habitats (3.89 ± 0.29 GSR and 
3.57 ± 0.43 GSR, respectively), and avoided agriculture, forest, and developed habitats (0.09 
± 0.02; 0.17 ± 0.08; 0.03 ± 0.02 GSRs, respectively).  
 The way that frogs used habitat changed over time (Fig. 6). On average, Leopard 
Frogs used a mixture of grasslands and wetlands from mid-May until late June. In July 
wetland habitat use started to decline and continued to decline through the summer while use 
of grassland and agricultural habitat increased.  
Passive Sampling Devices (PSDs) 
 We analyzed PSDs that were associated with telemetered frogs (n = 9) as they moved 
around the landscape. Twelve different pesticides were detected; 6 fungicides, 2 herbicides 
and 4 insecticides throughout the summer (Appendix D1). According to analyses of PSDs, 
the number of pesticides each individual frog was potentially exposed to, during the time it 
was tracked, ranged from 9 - 12 (median = 12).  
 Seventeen pesticides (8 fungicides, 6 insecticides, and 3 herbicides; Appendix D2) 
were observed in PSDs placed in habitats in 2015 and 2016. The three pesticides detected in 
the PSDs at the highest concentrations were chlorpyrifos (organophosphate insecticide), 
metolachlor (herbicide), and azoxystrobin (fungicide). The highest number and concentration 
of pesticides was observed in agricultural habitats, followed by wetland and then grassland 
habitats (Table 6).  
 The concentrations of pesticides detected in PSDs in grassland habitats were different 
than agricultural habitats (P < 0.01) and wetlands were not different than either grassland or 
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agricultural habitats (P = 0.06 and 0.05, respectively; Fig. 7). There were no significant 
differences between the total numbers of pesticides observed among the habitat types (P = 
0.29).  
 Based on assessment of PSDs in grasslands, wetlands, and agriculture (PSDs 
collected at 2 week intervals over 3 months) we found no differences in the concentrations of 
pesticides within each of the habitat types over time (P = 0.32, 0.57 and 0.57, respectively). 
We did not find a difference in number of pesticides over time in agricultural habitats (P = 
0.23). However, number of pesticides detected over time were highest in July compared 
samples taken in early or late summer within both grassland and wetland habitats (P < 0.01 
and < 0.01, respectively). 
 In the winter samples (PSDs placed in aquatic locations), the herbicides, atrazine and 
metolachlor, and the insecticide chlorpyrifos, were detected at both wetlands and at all four 
locations. The pyrethroid insecticide bifenthrin was detected at one location at one of the 
wetlands (Table 7).   
Frog tissues 
 Between 0 and 5 pesticides (median = 2) were observed in whole frog bodies 
analyzed in 2015 including 2 fungicides, 1 herbicide, 2 insecticides, and 2 breakdown 
products of DDT (Appendix D3).  In 2015 frogs were collected and analyzed in late 
June/early July and again in mid-August. We did not find a difference between number of 
pesticides (P = 0.74) or concentration of pesticides (P = 0.62) between frogs (whole body) 
collected during the two time periods in 2015.  
 In 2016, the number of pesticides in frog livers and gonads ranged from 0 - 3 (median 
= 3) and included 2 fungicides, 1 insecticide, and 1 breakdown product of DDT (Appendix 
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D3). Frogs were collected in mid-May and in early August in 2016 to characterize potential 
differences in pesticide accumulation as frogs moved from the wetland to the terrestrial 
environment. Both the number of pesticides detected in the livers and gonads and their 
respective concentrations were higher in frogs collected in May compared to those collected 
in August (P < 0.01 and <0.01, respectively; Fig. 8). 
Potential for accumulation in habitats (PSDs) 
 We analyzed PSDs that “followed” the individual telemetered frogs we captured and 
euthanized for liver and gonad tissue analysis (n = 9). We compared individual accumulation 
of pesticides with the potential for pesticide exposure as measured by the PSDs. In these 
PSDs, 0 - 12 pesticides were observed (median = 3; Table 8); while in the liver and gonad 
tissues of the frogs, 0-3 pesticides were observed (median =0; Table 8). The three pesticides 
detected in the frog tissues were bifenthrin (insecticide), tebuconazole (fungicide), and DDE 
(DDT degradate). Both bifenthrin and tebuconazole were also detected in the frog’s 
associated PSDs, but DDE was not (Appendices D1, D3).  
Discussion 
 Identifying the exposure potential in different habitats is an important component to 
better understand how pesticides are contributing to amphibian population declines and to 
manage species in an agricultural landscape where exposure to pesticides will continue to 
occur. Furthermore, to minimize potential health effects of pesticides on amphibians, and 
subsequent population effects, it is necessary to understand where and when frogs are most 
susceptible to exposure and how that exposure relates to accumulation and ultimately health 
of the individual and population. The goal of our study was to explore the relationship 
between the use of habitat, and the associated pesticide exposure potential, in Northern 
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Leopard Frogs and accumulation of pesticides in individual frogs.  We are not aware of any 
previous field studies that have addressed these questions for an amphibian species.  
 Results of our survival analysis suggest that habitat type influences survival in 
Northern Leopard Frogs living in a predominantly agricultural environment because all 
supported models included habitat as a covariate. However, due to model selection 
uncertainty, group effects (sex, year, site) were only weakly supported. Daily estimate 
survival rates were high for both sexes in all habitat types (ranging from 0.98 to 1). But 
extrapolated over the length of our study (3 mo), survival estimates (± SE) for both sexes by 
habitat type were highest in agriculture, followed by wetlands and grasslands (0.62 ± 0.10, 
0.46 ± 0.92, and 0.28 ± 0.07, respectively). However, it is unlikely that an individual would 
use one habitat type exclusively over this period of time. Reeves et al. (2016) reported a 
monthly survival probability of 0.81 for both male and female Northern Leopard Frogs 
captured in spring from wetlands in Iowa. If calculated for the same length of our study, their 
survival estimate (0.53) is similar to our modeled survival probability of both sexes in a 
wetland habitat. The results of the distances frogs moved, habitat use, and home range sizes 
are similar to other radio telemetry studies of Northern Leopard Frogs in the Midwestern 
United States (Pember et al. 2002, Bartelt and Klaver, in press).   
 Although the PSDs we placed in different habitat types showed that agricultural 
habitats had the highest concentration of pesticides, Leopard Frogs rarely used agricultural 
habitats (6% of recorded locations). Only 7 of 72 individuals were in agricultural fields for 
three or more consecutive days. From our results, Leopard Frogs appear to use agricultural 
fields only for short transitory periods. Risk of predation is low in these situations, whereas 
in grassland habitats, which frogs used frequently (58% of recorded locations), individuals 
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are exposed to greater predation pressure. Leopard Frogs also used wetland habitats often 
(34% of recorded locations) but may be more skilled in predator avoidance in an aquatic 
habitat than a terrestrial one. A common predator avoidance technique in anurans is to retreat 
to water, or move further away from shore if they are already in an aquatic habitat (Gregory 
1979; Russell and Bauer 1993). Although our results showed that frogs spent a limited 
amount of time in agricultural fields, it is important to note that even a short period of time 
spent in this habitat is likely to expose amphibians to pesticides that could negatively 
influence their health in the long term. The consequences of pesticide exposure, which are 
typically sublethal and are manifested over a long period of time, probably did not affect our 
3 mo survival probability estimate.  
  Pesticide exposure in the environment was assessed using PSDs deployed throughout 
the year. The concentrations of pesticides in the PSDs varied by habitat type with similarities 
between the agricultural fields and the wetlands both of which received water input from 
drainage of the surrounding fields. Additionally, pesticide concentrations within each habitat 
type did not differ greatly over time. We detected 17 pesticides in PSDs during 2015 and 
2016, and many of the pesticides we detected were similar to another study in central Iowa 
that sampled pesticides in wetlands (Smalling et al. 2015), indicating our results are 
applicable to similar agricultural landscapes.  
 We found four pesticides in our aquatic, overwintering PSDs and the two we found in 
the highest concentrations were the herbicides atrazine and metolachlor.  In amphibians, 
atrazine is responsible for a variety of estrogenic effects, reduces immune response, and can 
modify behavior (Lehman and Williams 2010).  Metolachlor slows development and growth 
and has negative effects on the thymus gland, which is important for the immune system 
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(Osano et al. 2002; Hayes et al. 2006). Furthermore, metolachlor can increase harmful effects 
of atrazine when amphibians are exposed to both pesticides at the same time (Hayes et al. 
2006; Lehman and Williams 2010). Like many ranid species, Leopard Frogs hibernate at the 
bottom of lakes and ponds, resting on the substrate and covered with a thin layer of silt that 
allows for cutaneous uptake of O2. To maintain an aerobic state at low temperatures (< 5˚C), 
they undergo physiological changes which result in a decreased metabolism (Tattersall and 
Ultsch 2008; Jackson and Ultsch 2010). Amphibian skin is highly permeable, and dermal 
uptake is an important pathway for pesticide accumulation in frogs (Van Meter et al. 2014). 
During hibernation, wetland sediment could be a significant route of exposure to frogs taking 
up pesticides through their skin but are less able to rid their bodies of contaminants due to a 
low metabolic rate.  
 Tissue collected in May for pesticide analysis was from frogs residing in aquatic 
habitats, whereas the majority of tissue collected in August was from frogs using terrestrial 
habitats (primarily grasslands and agricultural fields). We knew their location from our 
telemetry work. Other studies analyzing tissues of amphibians for pesticides also detected a 
higher number of pesticides in amphibians collected at wetland habitats early in the summer. 
For example, nine pesticides and three pesticide degradates were reported in Pacific Chorus 
Frogs (Pseudacris regilla) collected from ponds in California during May – July (Smalling et 
al. 2013) and 17 pesticides and 4 pesticide degradates were reported in Northern Leopard 
Frogs collected from wetlands Iowa in May (Smalling et al. 2015). We frequently found 
degradates of DDT in Leopard Frog tissue, however, they were not detected in any of the 
PSDs placed in the environment. Such discrepancies could be because levels in the 
environment were too low, or presence in frog tissue was a result of maternal transfer rather 
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than dermal uptake. The only other pesticide found in frog tissues, but not in PSDs was 
fenbuconazole, a fungicide, which has been found in Iowa wetlands in previous studies 
(Smalling et al. 2015). Twelve pesticides were found in the PSDs placed in the environment 
that were not detected in frog tissues. Some, such as atrazine, metolachlor and chlorpyrifos 
have known detrimental effects on amphibians (Mann et al. 2009; Lehman and Williams 
2010). It is not uncommon for pesticides to be present in the environment but not detectable 
in frog tissue (Smalling et al. 2015; Battaglin et al. 2016). 
 Understanding the potential for exposure and accumulation as a frog traverses the 
agricultural environment is the foundation for assessing potential effects at the individual and 
ultimately the population level.  We compared the potential for environmental exposure 
(PSDs that “followed” individual frogs) to accumulation in frog tissues. We found that the 9 
telemetered individuals with associated PSDs were exposed to up to 12 pesticides during the 
course of the summer. However, of these 12 pesticides, only two (bifenthrin and 
tebuconazole) were also detected in the liver and gonad tissues of their associated frogs. In 
fact, many of the frogs (5/9 or 56%) had no detectable presence of pesticides in their tissues. 
For example, we tracked frog #45.2 with an associated PSD for 7 wks, during which time the 
frog was located in a grassland habitat 84% of the time. Analysis of the PSD showed frog 
#45.2 was exposed to 12 pesticides during that period although no pesticides were detected in 
its liver or gonad tissues. This pattern was similar to other individuals, suggesting that the 
uptake of pesticides in Leopard Frogs may be limited in terrestrial habitats despite the high 
potential pesticide exposure due to the surrounding agricultural landscape.  
 We hypothesized that habitat use or time spent in a particular habitat would influence 
a frog’s exposure to multiple pesticides and correlate to pesticides accumulating in their 
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tissue. Habitat use did influence the accumulation of pesticides in frog tissue, although 
potential pesticide exposure was similar between habitat types they used most frequently 
(grasslands and wetlands). Using stationary PSDs placed in various habitat types, we found 
that there were no significant differences between the numbers or concentrations of 
pesticides in grasslands and wetlands. Despite this lack of difference, we found that pesticide 
accumulation in frog tissues was greatest when they were captured early in the summer using 
wetland habitats. The assessment of site specific PSDs indicated that agricultural areas had a 
much higher concentration of pesticides than grasslands, but frogs seldom used corn and 
soybean fields. Frog tissue collected in late summer (August) showed very low pesticide 
accumulation even though this is when frogs increased their use of agricultural habitats.   
 Other studies have shown that terrestrial exposure has the potential to contribute 
greatly to an amphibian’s pesticide accumulation. In a literature review of 13 studies on 
amphibian terrestrial exposure, Brühl et al. (2011) concluded that amphibians, who readily 
uptake pesticides through their skin, are at a high exposure risk in terrestrial habitats. Van 
Meter et al. (2014) found that dermal uptake from soil contributed to the pesticide 
accumulation of several amphibian species when exposed to any one of five different 
pesticides, including two pesticides detected at our study sites, atrazine and imidacloprid. 
However, our data suggest that the greatest vulnerability of frogs to pesticide accumulation in 
agricultural landscapes is in the spring when their use of wetland areas is most intense 
despite the greater potential for pesticide exposure in terrestrial agriculture fields. Our study 
was conducted in the field and took amphibian behavior into account, which may partially 
explain the difference in our results from previous research. Although we showed that 
Northern Leopard Frogs select for terrestrial habitats, they primarily used these areas later in 
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the year than most pre-emergence pesticides are applied. Because our tracked frogs rarely 
used agricultural fields, pesticide application rates tested in laboratory studies are not likely 
to represent the true concentrations frogs are exposed to in their preferred grassland habitats, 
at least for our species and study system. Additionally, many previous studies have looked at 
juvenile life stages of amphibians, while our study focused on adults. Boyd et al. (1963) 
showed that Northern Cricket Frog (Acris crepitans) juveniles were more susceptible to DDT 
than adults, perhaps due to a greater surface to volume ratio. It is possible we would have 
seen higher accumulation of pesticides in tissues of juvenile or larval life stages of Leopard 
Frogs than adults. 
There are several reasons why early spring exposure in wetlands could lead to a 
greater accumulation of pesticides in frogs. Submersion in water increases the surface area 
that a frog is in contact with pesticides relative to an individual in the terrestrial habitat who 
is likely just in contact with the ground through the “drink patch” and the bottoms of the feet. 
Frogs are using wetlands during hibernation and during spring breeding, when they may be 
more susceptible to accumulating pesticides due to cool temperatures that lower their 
metabolism and ability to excrete toxins (Maniero and Carey 1997; Jackson and Ultsch 
2010). Furthermore, overall liver condition and function is lowest at this time of the year, 
which makes it more difficult for an individual to efficiently at metabolize contaminants 
(Pasanen and Koskela 1974). A study investigating seasonal temperature changes on the 
immune systems of Red-Spotted Newts demonstrated a drop in lymphocyte (white blood 
cell) levels during the transition from winter to spring, which also influences susceptibility to 
pesticides (Raffel et al. 2006). However, the toxicokinetics of many of the compounds we 
detected have not been investigated for frog species.  
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This study was unique in its use of silicone PSDs to assess pesticides in specific 
environments and to assess exposure as animals move through different habitats (PSDs that 
“followed” individual frogs). Our results indicated amphibians accumulate more pesticides 
during spring while they use wetlands, although they have more potential for exposure to 
pesticides in the agricultural portion of the terrestrial environment. However, amphibians 
remain susceptible to negative effects of pesticide exposure even without accumulating it in 
their tissues. Our study did not address how short term exposure may affect individuals in 
these field settings. Managing amphibians in an agricultural landscape to reduce their 
exposure to pesticides will continue to present a challenge because pesticides are essential for 
high agricultural output. If amphibians are accumulating pesticides in wetlands, it is 
important to protect water quality by including vegetative buffers around these habitats 
(Semlitsch and Bodie 2003). Our study sites did have surrounding grass buffers, which were 
used extensively by Northern Leopard Frogs. Based off of our findings, incorporating 
vegetative buffers in future constructed or restored wetlands could be beneficial to other 
amphibians in agricultural areas. Furthermore, adherence to guidelines for application of 
agrochemicals has the potential to reduce pesticide contamination to non-target areas where 
amphibians are residing.  
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Tables 
Table 1. Study site information at the two study locations. Ha= hectares; Other = human developed or forest. Land-use was measured 
using a 1 km buffer around each wetland. 
     Surrounding land use (%) 
Study Site 
Location 
Construction 
Year 
Wetland  
(ha) 
Grass 
Buffer (ha) 
Drainage  
(ha) 
Agriculture Grassland Wetland Other 
Cerro Gordo 2006 1.5 6.0 298 77.7 9.0 1.5 12.0 
Worth 2008 2.4 9.8 287 51.7 22.1 16.8 9.4 
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Table 2. Numbers and sexes of 72 radio tracked Northern Leopard Frogs in Cerro Gordo and 
Worth counties, Iowa, USA 2015-2016.  
Site Year Females Males 
Cerro Gordo 2015 11 8 
Worth 2015 8 11 
Cerro Gordo 2016 8 9 
Worth 2016 14 3 
 
Table 3. Known fate models fit to data from radio telemetered Leopard Frogs in Iowa, k = 
number of parameters, S = survival, “.” = constant survival, t=time, Group = individual group 
assignment (see Appendix C2), Habitat= Grassland, Wetland, Agriculture, Forest, or 
Developed, Year = 2015 or 2016. 
Model Name k  Model Description 
S(.) 1 Survival is constant for all individuals 
S(t) 86 Survival varies over time 
S(Sex) 2 Survival varies by sex 
S(Year) 2 Survival varies by study year 
S(Site) 2 Survival varies by site  
S(Group) 8 Survival varies by group 
S(.+Habitat) 2 Survival is constant with an additive habitat effect  
S(t+Habitat) 87 Survival varies over time with an additive habitat effect 
S(Sex+Habitat) 3 Survival varies by sex with an additive habitat effect 
S(Year+Habitat) 3 Survival varies by study year with an additive habitat effect 
S(Site+Habitat) 3 Survival varies by site with an additive habitat effect 
S(Group+Habitat) 9 Survival varies by group with an additive habitat effect 
 
Table 4. Results of known fate models for Leopard Frogs in Iowa, 2015-2016 with support 
(ΔAICc < 2). AICc of the top model S(Sex+Habitat) was 217.50, w = AICc Weight, and k = 
number of parameters. 
Model Name ΔAICc w k  Deviance 
S(Sex+Habitat) 0.00 0.16 3 211.45 
S(.+Habitat) 0.43 0.13 2 213.89 
S(Year+Habitat) 0.55 0.12 3 201.12 
S(Group+Habitat) 1.76 0.06 9 213.41 
S(Site+Habitat) 1.96 0.06 3 221.01 
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Table 5. Median home ranges (m2) and distances moved (m) with minimum and maximum 
values for female and male radio telemetered Northern Leopard Frogs in Iowa 2015-2016. 
Core home range = 50% quantile and total home range = 95% quantile. Total movement 
represents the total distance a frog moved while it was tracked and daily movement is the 
average distance a frog moved per day while it was tracked (total movement/number of days 
tracked). 
 
Core Home Range Total Home Range Total Movement Daily Movement 
 
Median Range Median Range Median Range Median Range 
Females 1,347 
240 to 
64,157 
6,423 
981 to 
246,661 
389 2 to 1,680 16 1 to 41 
Males 3,154 
239 to 
11,800 
4,740 
2,640 to 
70,017 
553 7 to 1,405 18 2 to 59 
 
Table 6. Median number and concentration of pesticides (ng/PSD) found in silicone PSDs 
placed in grassland, wetland, and agricultural habitats in Iowa, USA 2015 and 2016.  
Habitat 
Number of 
Pesticides: 
Median 
Number of 
Pesticides: 
Range 
Pesticide 
Concentration: 
Median  
Pesticide 
Concentration: 
Range 
Grassland 4 2 to 11 60 7 to 250 
Wetland 6 2 to 11 122 10 to 896 
Agriculture 6 2 to 11 197 46 to 1,844 
 
Table 7.  Concentration of pesticides (ng/PSD) detected in PSDs placed overwinter (Nov. 
2015-April 2016) in Leopard Frog telemetry sites.  
Site Atrazine Bifenthrin Chlorpyrifos Metolachlor 
Cerro Gordo 20.17 0.00 2.56 16.62 
Worth 16.03 0.50 0.42 17.52 
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Table 8. Number of pesticides and total pesticide concentration in the liver and gonad tissue 
of telemetered Leopard Frogs vs their associated PSDs that “followed” them over time and 
the proportion of time the frogs and their PSDs spent in each habitat type. Pesticide 
concentrations are in ng/g for frog tissue and ng/PSD for PSDs, Site: CG = Cerro Gordo and 
W = Worth, “ND” = Not detected. 
 
 
Concentration 
of Pesticides 
Number of 
Pesticides  
Proportion of habitat (%) 
Site 
Frog 
ID 
Frog 
Tissue 
PSDs 
Frog 
Tissue 
PSDs Grass Wetland Agriculture Other 
CG 60.3 20.1 86.3 1 9 0.82 0.18 0.00 0.00 
CG 89.2 9.6 73.6 3 9 0.68 0.00 0.21 0.11 
W 26.3 6.65 159 2 12 0.84 0.16 0.00 0.00 
W 18 ND 148 ND 12 0.85 0.06 0.00 0.09 
W 4.4 ND 160 ND 12 0.84 0.16 0.00 0.00 
W 13.2 ND 123 ND 10 0.11 0.17 0.72 0.00 
W 42 21.1 147 1 12 0.04 0.78 0.00 0.00 
W 45 ND 147 ND 12 0.84 0.14 0.02 0.00 
W 48 ND 69.3 ND 10 0.65 0.00 0.35 0.00 
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Figures 
 
Figure 1. Location of two Northern Leopard Frog radio telemetry study sites in Cerro Gordo 
and Worth counties, Iowa, USA. 
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Figure 2. White dots illustrate locations of a radio tracked frog (individual 45.2) and 
placement of PSD, 18 Jun – 8 Aug, 2016 (Worth County). 
 
 
 
 
 
 
 
 
 
Figure 3. Locations of PSDs in wetlands in 2015 and 2016. Blue dots represent PSDs placed 
overwinter while yellow dots represent PSDs placed in different habitats during the summer.  
Worth Cerro 
Gordo 
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Figure 4. PSDs being placed in wetlands to assess pesticide exposure of Northern Leopard 
Frogs during aquatic hibernation from November 2015 – April 2016 in Iowa.  
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Figure 5. Estimated daily survival probabilities (best supported known fate model) for 
female (grey) and male (black) Northern Leopard Frogs in 3 habitat types. Error bars 
represent 95% confidence intervals. 
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Figure 6. Change in the proportion of habitat use by Leopard Frogs in north-central Iowa, 
May – August in 2015 and 2016.   
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Figure 7. Log concentration of pesticides detected in environmental PSDs placed in different 
land use types in Iowa, 2015 - 2016. Letters above boxplots indicate differences (P < 0.05) 
among habitat types.  
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Figure 8. Log concentration of pesticides detected in frog gonad and liver tissues May vs 
August, 2016 in Iowa, USA. Asterick (*) indicates difference (P < 0.05).  
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CHAPTER 4. GENERAL CONCLUSION 
Summary 
 In our first study, we estimated amphibian occupancy for four species of anurans in 
northern Iowa and found that amphibians used wetlands in a highly modified agricultural 
landscape. We surveyed 27 wetlands in 2015 and 2016 for Northern Leopard Frogs 
(Lithobates pipiens), American Toads (Anaxyrus americanus), Boreal Chorus Frogs 
(Pseudacris maculata), and Gray Treefrogs (Hyla versicolor and Hyla chrysoscelis). We 
hypothesized that fish abundance, salamander abundance, invertebrate density, vegetative 
cover, wetland area, atrazine concentration in water, and surrounding crop land use would 
influence occupancy. We also investigated the influence of a general wetland health index on 
amphibian occupancy.  
 Our results showed all four anuran species had high wetland occupancy although we 
were unable to determine precise environmental characteristics that might be responsible for 
variation in occurrence. We also found little evidence that a wetland’s health index 
influenced occurrence of these species in this system. Although our analysis did not 
unequivocally support our hypotheses, our data reflected a potential for many of the 
covariates to affect occupancy in the way that we predicted. Factors that were found to be the 
most important included fish abundance, percent of surrounding cropland within 500 m, and 
salamander abundance.  
 Using occupancy modeling to investigate the influence of many wetland attributes 
relevant to disturbed habitats, we are able to begin to understand how amphibians are using 
landscapes that have undergone modification. Although amphibian presence thought to have 
an association with good overall wetland quality, our study did not find strong evidence that 
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a high wetland condition value was associated with increased amphibian occupancy. In other 
study systems with more heterogeneous landscapes, an overall wetland health index may 
have a greater relevance. In a highly modified landscape such as Iowa, the difficulty to 
identify environmental characteristics that drive amphibian occupancy may be because 
amphibians use almost any areas of available habitat out of necessity. This indicates in areas 
of high agricultural land use the addition of even small habitat patches may be beneficial to 
amphibian populations. This information will help managers determine the most effective 
management strategies for conservation that is aimed to reduce global amphibian declines for 
other species undergoing similar habitat modification.  
 In our second study, we assessed how amphibian habitat use influenced their 
accumulation of pesticides in an agricultural landscape. To investigate amphibian pesticide 
exposure, we radio tracked 72 adult Northern Leopard Frogs during the spring and summer 
of 2015-2016. We calculated their survival rates among different habitat types and compared 
pesticides found in their tissues to those found in surrounding landscapes. We used silicone 
Passive Sampling Devices (PSDs) to easily and efficiently measure pesticides in Leopard 
Frog habitats. We hypothesized that habitat use or time spent in a particular habitat would 
greatly influence a frog’s exposure to multiple pesticides which would correlate to the types 
of pesticides accumulating in their tissue. 
 Results of our radio telemetry showed that Northern Leopard Frogs used wetland 
habitats frequently in the spring and then transitioned to terrestrial environments (grassland 
and agriculture) later in the summer. However, they used agricultural fields rarely, seemingly 
as a transitory habitat. Results of known fate analysis showed that Northern Leopard Frog 
survival rates were influenced by habitat type. Survival was highest in agricultural habitats, 
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followed by wetland and grassland habitats. We also found that pesticide concentration, but 
not number, was greatest in agricultural habitats, followed by wetland and grassland. Number 
and concentration of pesticides were greatest in frog tissues collected in May, when 
individuals were using wetland habitats, but almost no pesticides were detected in individuals 
captured in August, who were using primarily terrestrial areas. 
 Our results indicate that although pesticide exposure did not vary greatly in the 
habitats Leopard Frogs used most frequently throughout our study period, they may be at 
higher risk of pesticide accumulation while using wetland habitats earlier in the year. There 
are several reasons why early spring exposure in wetlands could lead to a greater 
accumulation of pesticides in frogs. Submersion in water increases the surface area that a 
frog is in contact with pesticides relative to an individual in the terrestrial habitat who is 
likely just in contact with the ground through the “drink patch” and the bottoms of the feet. 
Amphibians also have lower metabolism, overall liver health, and immune function during 
this time which could all impact their ability to excrete toxins from their system. Practices 
that are likely to benefit amphibians residing at wetlands in agricultural landscapes are to 
ensure vegetative buffers are around wetlands and other amphibian habitats and apply 
pesticides in adherence to guidelines.  
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APPENDIX A. SUPPLEMENTARY WETLAND INFORMATION 
A1. Site locations and owner information for 27 wetlands included in study, 2015-2016. 
Site County Latitude Longitude Ownership 
Big Worth Worth 43°26’39"N 93°15’38”W Worth CCB 
County Home Farm Winnebago 43°20’51"N 93°33’45”W Winnebago CCB 
Crystal Hills 1 Hancock 43°13’14”N 93°45’18”W Iowa DNR 
Crystal Hills 2 Hancock 43°13’15”N 93°45’41”W Iowa DNR 
Elk Creek Worth 43°24’27”N 93°26’22”W Iowa DNR 
Gabrielson Hancock 43°14’22”N 93°33’39”W Iowa DNR 
Goodneighbor 1 Winnebago 43°24’51”N 93°46’02”W Iowa DNR 
Goodneighbor 2 Winnebago 43°24’37”N 93°45’27”W Iowa DNR 
Harmon Lake 1 Winnebago 43°27’37”N 93°42’36”W Iowa DNR 
Harmon Lake 2 Winnebago 43°27’41”N 93°42’47"W Iowa DNR 
Harmon Lake 3 Winnebago 43°27’46”N 93°42’39”W Iowa DNR 
Harrier Worth 43°18’03”N 93°20’45”W Worth CCB 
Hogsback Winnebago 43°27’46”N 93°33’42”W Winnebago CCB 
CGP 1 Cerro Gordo 43°00’34”N 93°28’39”W Private Owner 
Larson Tweed Winnebago 43°28’49”N 93°31’37”W Winnebago CCB 
CGC 1 Cerro Gordo 43°09’46”N 93°07’22”W Private Owner 
Little Worth  Worth 43°25’22"N 93°28’07”W Worth CCB 
Northern Prairie Worth 43°29’39”N 93°27’36”W Worth CCB 
Prairie Pothole 1 Cerro Gordo 43°14’53”N 93°29’43”W Cerro Gordo CCB 
Prairie Pothole 2 Cerro Gordo 43°14’57”N 93°29’35”W Cerro Gordo CCB 
CGC 2 Cerro Gordo 43°11’51”N 93°12’39”W Private Owner 
Silver Lake Worth 43°29’15”N 93°25’15”W Worth CCB 
Union Hills 3 Cerro Gordo 43°01’28”N 93°25’19”W Iowa DNR 
Union Hills 4 Cerro Gordo 43°01’15”N 93°25’59”W Iowa DNR 
Upper Grove Hancock 42°56’32”N 93°34’40”W Hancock CCB 
CGP 2 Cerro Gordo 42°55’22”N 93°28’40”W Private Owner 
Woodduck Winnebago 43°24’12”N 93°32’27”W Iowa DNR 
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A2. Covariate values for each site used in 2015 occupancy modeling. 
Site 
WCI 
(Score 1-5) 
Veg (% 
cover) 
Atrazine 
(µg/L) 
Crop (%  500 
m radius) 
Area 
(ha) 
Fish 
(n) 
Sal 
(n) 
Invert 
(n/m3) 
Big Worth 1.6 0.7 0.1 0.18 4.78 6900 0 200 
County Home Farm 4.1 0.88 0.1 0.18 2.07 0 0 250 
Crystal Hills 1 2.6 0.74 0.2 0.60 1.67 0 5 1064 
Crystal Hills 2 3.1 0.95 0.1 0.38 0.46 0 79 552 
Elk Creek 4.1 0.92 0.2 0.32 0.84 0 1 772 
Gabrielson 4.6 0.95 0.2 0.11 0.33 0 46 173 
Goodneighbor 1 4.5 0.95 0.2 0.37 0.34 0 2 237 
Goodneighbor 2 2.7 0.84 0.3 0.20 3.23 0 5 923 
Harmon Lake 1 3.2 0.94 0.3 0.23 0.93 0 9 134 
Harmon Lake 2 4.4 0.91 0.2 0.34 1.29 0 24 371 
Harmon Lake 3 3.8 0.96 0.1 0.37 8.38 0 85 223 
Harrier 2.0 0.96 0.2 0.30 4.31 264 88 492 
Hogsback 1.8 0.91 0.4 0.35 5.84 202 4 43 
CGP 1 3.9 0.96 0.2 0.55 2.32 0 44 341 
Larson Tweed 2.7 0.83 0.6 0.43 2.53 0 18 579 
CGC 1 2.0 0.92 0.1 0.67 1.40 8685 0 116 
Little Worth  1.6 0.27 0.2 0.54 0.89 920 0 37 
Northern Prairie 1.5 0.50 13.0 0.33 4.18 776 1 1291 
Prairie Pothole 1 3.8 0.93 0.2 0.18 0.85 0 2 284 
Prairie Pothole 2 3.7 0.43 0.1 0.19 1.15 0 28 96 
CGC 2 1.6 0.92 0.3 0.72 1.60 19856 0 287 
Silver Lake 3.4 0.97 0.4 0.21 0.84 104 26 278 
Union Hills 3 4.2 0.98 0.1 0.04 1.10 0 35 169 
Union Hills 4 4.3 0.96 0.2 0.14 3.52 0 13 274 
Upper Grove 2.1 0.92 0.2 0.49 0.80 1512 0 147 
CGP 2 1.9 0.92 1.5 0.24 1.30 1942 25 304 
Woodduck 3.3 0.95 0.4 0.26 0.28 771 0 168 
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APPENDIX B. OCCUPANCY MODEL INFORMATION 
B1. Set of models used to investigate detection probability. Detection that stayed constant 
over time is represented by the model p(.)ψ(.) and temporal variation is represented three 
ways: p(t) allows the model to vary over time, p(T) allows the model to vary over time with a 
linear trend, and p(TT) allows the model to vary over time with a quadratic trend. Two 
covariates included are air temperature (Temp) and percent aquatic vegetation cover (Veg), 
which have additive (+Temp; +Veg) or interactive effects (*Temp; *Veg). Vegetation 
measurements were not taken in 2016, so models including Veg as a covariate were omitted 
for that year, indicated by “--”. 
Model Name Model Explanation 
 In 2015 
Analysis 
In 2016 
Analysis 
p(.)ψ(.) Detection probability is constant over season X X 
p(t)ψ(.) 
Detection probability varies over season by 
time 
X X 
p(T)ψ(.) 
Detection probability varies over season with 
linear time trend 
X X 
p(TT)ψ(.) 
Detection probability varies over season with 
quadratic time trend 
X X 
p(t+Temp)ψ(.) 
Detection probability varies over season by 
time with an additive temperature effect 
X X 
p(T+Temp)ψ(.) 
Detection probability varies over season with 
a linear time trend and additive temperature 
effect 
X X 
p(TT+Temp)ψ(.) 
Detection probability varies over season with 
a quadratic time trend and additive 
temperature effect 
X X 
p(t*Temp)ψ(.) 
Detection probability varies over season by 
time with an interactive temperature effect 
X X 
p(T*Temp)ψ(.) 
Detection probability varies over season with 
a linear time trend and interactive temperature 
effect 
X X 
p(TT*Temp)ψ(.) 
Detection probability varies over season with 
a quadratic time trend and interactive 
temperature effect 
X X 
p(t+Veg)ψ(.) 
Detection probability varies over season by 
time with an additive percent vegetation 
cover effect 
X -- 
p(T+Veg)ψ(.) 
Detection probability varies over season with 
a linear time trend and additive percent 
vegetation cover effect 
X -- 
p(TT+Veg)ψ(.) 
Detection probability varies over season with 
a quadratic time trend and percent vegetation 
cover effect 
X -- 
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Appendix B1 continued   
Model Name Model Explanation 
 In 2015 
Analysis 
In 2016 
Analysis 
p(t*Veg)ψ(.) 
Detection probability varies over season by 
time with an interactive percent vegetation 
cover effect 
X -- 
p(T*Veg)ψ(.) 
Detection probability varies over season with 
a linear time trend and interactive percent 
vegetation cover effect 
X -- 
p(TT*Veg)ψ(.) 
Detection probability varies over season with 
a quadratic time trend and interactive percent 
vegetation cover effect 
X -- 
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B2. Example of a model set built to investigate probability of occupancy in 2015 when the 
top supported model for detection is p(T). p(t)ψ(.) represents a model where occupancy is 
constant (not influenced by covariates). Other models include one or two covariates with an 
additive effect in all possible combinations (n=37). 
Model Name Model Explanation 
p(T)ψ(.) Occupancy is not influenced by covariates 
p(T)ψ(WCI) Occupancy is influenced by WCI 
p(T)ψ(Fish) Occupancy is influenced by Fish 
p(T)ψ(Sal) Occupancy is influenced by Sal 
p(T)ψ(Veg) Occupancy is influenced by Veg 
p(T)ψ(Invert) Occupancy is influenced by Invert 
p(T)ψ(Area) Occupancy is influenced by Area 
p(T)ψ(Atrazine) Occupancy is influenced by Atrazine 
p(T)ψ(Crop) Occupancy is influenced by Crop 
p(T)ψ(WCI,Fish) Occupancy is influenced by WCI and Fish 
 p(T)ψ(WCI,Sal) Occupancy is influenced by WCI and Sal 
 p(T)ψ(WCI,Veg) Occupancy is influenced by WCI and Veg 
 p(T)ψ(WCI,Invert) Occupancy is influenced by WCI and Invert 
 p(T)ψ(WCI,Area) Occupancy is influenced by WCI and Area 
 p(T)ψ(WCI,Atrazine) Occupancy is influenced by WCI and Atrazine 
 p(T)ψ(WCI,Crop) Occupancy is influenced by WCI and Crop 
 p(T)ψ(Fish,Sal) Occupancy is influenced by Fish and Sal 
 p(T)ψ(Fish,Veg) Occupancy is influenced by Fish and Veg 
 p(T)ψ(Fish,Invert) Occupancy is influenced by Fish and Invert 
 p(T)ψ(Fish,Area) Occupancy is influenced by Fish and Area 
 p(T)ψ(Fish,Atrazine) Occupancy is influenced by Fish and Atrazine 
 p(T)ψ(Fish,Crop) Occupancy is influenced by Fish and Crop 
 p(T)ψ(Sal,Veg) Occupancy is influenced by Sal and Veg 
 p(T)ψ(Sal,Invert) Occupancy is influenced by Sal and Invert 
 p(T)ψ(Sal,Area) Occupancy is influenced by Sal and Area 
 p(T)ψ(Sal,Atrazine) Occupancy is influenced by Sal and Atrazine 
 p(T)ψ(Sal,Crop) Occupancy is influenced by Sal and Crop 
 p(T)ψ(Veg,Invert) Occupancy is influenced by Veg and Invert 
 p(T)ψ(Veg,Area) Occupancy is influenced by Veg and Area 
 p(T)ψ(Veg,Atrazine) Occupancy is influenced by Veg and Atrazine 
 p(T)ψ(Veg,Crop) Occupancy is influenced by Veg and Crop 
 p(T)ψ(Invert,Area) Occupancy is influenced by Invert and Area 
p(T)ψ(Invert,Atrazine) Occupancy is influenced by Invert and Atrazine 
 p(T)ψ(Invert,Crop) Occupancy is influenced by Invert and Crop 
 p(T)ψ(Area,Atrazine) Occupancy is influenced by Area and Atrazine 
 p(T)ψ(Area,Crop) Occupancy is influenced by Area and Crop 
 p(T)ψ(Atrazine,Crop) Occupancy is influenced by Atrazine and Crop 
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B3. Supported occupancy models (ΔAICc < 2) for each anuran species and life stage in 2015. 
ΔAICc = the change in AICc from most supported model and k = number of parameters. 
Species Life Stage Model Name 1ΔAICc k Deviance 
A. 
americanus 
Adult 
p(T+Temp)ψ(WCI,Invert) 0.00 6 71.29 
p(T+Temp)ψ(Crop,Fish) 0.98 6 72.27 
Metamorph 
p(.)ψ(Crop,Fish) 0.00 4 40.03 
p(T)ψ(Crop,Fish) 0.98 5 37.98 
p(T+Veg)ψ(WCI,Crop) 1.32 3 44.13 
Tadpole 
p(TT)ψ(Veg,Fish) 0.00 6 74.00 
p(TT)ψ(Sal) 1.68 5 79.02 
p(TT)ψ(Veg) 1.75 5 79.09 
p(TT)ψ(Veg,Invert) 1.83 6 75.83 
Hyla spp. 
Adult 
p(.)ψ(Crop,Fish) 0.00 4 80.57 
p(TT)ψ(Crop,Fish) 0.35 6 74.54 
p(T)ψ(Crop,Fish) 1.25 5 78.78 
Tadpole 
p(TT)ψ(Atrazine,Fish) 0.00 6 43.84 
p(T)ψ(Atrazine,Fish) 0.95 5 48.13 
L. pipiens 
Adult 
p(t)ψ(Area) 0.00 6 125.13 
p(t)ψ(.) 0.26 5 128.73 
p(t)ψ(Fish,Sal) 0.49 7 121.93 
p(TT)ψ(Area) 0.56 5 129.03 
p(t)ψ(Area,Fish) 0.67 7 122.10 
p(t)ψ(Fish) 0.72 6 125.85 
p(TT)ψ(Fish,Sal) 0.81 6 125.94 
p(TT)ψ(.) 0.89 4 132.40 
p(TT)ψ(Area,Fish) 0.98 6 126.11 
p(*Temp)ψ(.) 1.03 6 126.16 
p(*Temp)ψ(Area) 1.06 7 122.50 
p(t)ψ(Veg,Sal) 1.41 7 122.85 
p(t)ψ(Area,Sal) 1.66 7 123.10 
p(TT)ψ(Veg,Sal) 1.70 6 126.83 
p(*Temp)ψ(Fish) 1.73 7 123.17 
p(t)ψ(WCI) 1.74 6 126.87 
p(*Temp)ψ(Fish,Sal) 1.87 8 119.20 
p(t)ψ(WCI,Sal) 1.89 7 123.33 
p(TT)ψ(Area,Sal) 1.94 6 127.07 
p(t)ψ(Sal) 1.96 6 127.09 
 
Metamorph 
p(T)ψ(.) 0.00 3 49.42 
p(T+Temp)ψ(.) 1.41 4 48.05 
p(T+Veg)ψ(.) 1.46 4 48.10 
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Appendix B3 continued 
Species Life Stage Model Name 1ΔAICc K Deviance 
L. pipiens 
Metamorph 
p(T)ψ(Crop) 1.74 4 48.38 
p(T)ψ(Fish) 1.74 4 48.38 
p(T)ψ(Sal) 1.79 4 48.43 
p(T)ψ(Area) 1.94 4 48.58 
Tadpole 
p(TT+Veg)ψ(Sal) 0.00 6 78.27 
p(TT) )ψ(Veg,Area) 1.20 6 79.47 
p(TT)ψ(Atrazine,Sal) 1.20 6 79.47 
p(TT)ψ(Atrazine) 1.48 5 83.09 
p(TT)ψ(Sal) 1.48 5 83.09 
P. maculata Tadpole 
p(TT)ψ(WCI,Crop) 0.00 6 72.85 
p(TT)ψ(WCI,Area) 0.00 6 72.85 
p(TT)ψ(Veg,Crop) 0.00 6 72.85 
p(TT)ψ(Veg,Fish) 0.00 6 72.85 
p(TT+Temp)ψ(WCI,Crop) 1.02 7 70.17 
p(TT+Temp)ψ(WCI,Area) 1.02 7 70.17 
p(TT+Temp)ψ(Veg,Crop) 1.02 7 70.17 
p(TT+Temp)ψ(Veg,Fish) 1.02 7 70.17 
p(TT+Temp)ψ(Crop) 1.09 6 73.94 
p(TT+Temp)ψ(Fish) 1.09 6 73.94 
p(TT)ψ(Veg) 1.76 5 77.95 
p(TT)ψ(Fish) 1.76 5 77.95 
p(TT)ψ(Invert) 1.76 5 77.95 
1The AICc value of the top model for A. americanus adults = 87.49, metamorphs = 49.85, 
tadpoles = 90.20, Hyla complex adults = 90.38, tadpoles = 60.04, L. pipiens adults = 141.33, 
metamorphs = 56.46, tadpoles = 94.47, and P. maculata tadpoles = 89.05. 
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APPENDIX C. RADIO TELEMETERED FROG INFORMATION 
C1. Summary of 72 radio tracked Northern Leopard Frogs in Iowa, USA 2015-2016. Sites: CG = Cerro Gordo, W = Worth; year, 
2015 (’15) or 2016 (’16); mass at first capture; # of locations; proportion of locations occurring in each habitat type: W = wetland, G = 
grassland, A = Agriculture, F = Forest, and D = Developed; home range estimate (only individuals with ≥ 20 locations; m2); and fate 
(dead = transmitter was found in environment, lost = could not be relocated, and captured = individual captured and euthanized for 
tissue analysis). ND = not detected. 
        Proportion of locations   
ID 
# 
Site Year Sex 
Mass 
(g) 
Start 
Date 
End 
Date 
# 
Locations 
W G A F D 
Home 
Range 
Fate 
83 CG ‘15 F 29 5/18 5/21 2 50   50   0   0   0     -  Dead 
29 CG ‘15 F 36 5/18 5/28 9 33   67   0   0   0     -  Dead 
59 W ‘15 F 25 5/18 5/28 11 64   36   0   0   0     -  Lost 
61 W ‘15 F 24 5/18 6/8 12 58   42   0   0   0     -  Dead 
1 W ‘15 F 24 6/24 7/9 15 40   60   0   0   0     -  Dead 
64 CG ‘15 F 29 5/18 6/6 19 42   58   0   0   0     -  Lost 
73 CG ‘15 F 48 5/18 6/6 20 65   35   0   0   0   1,715 Dead 
46.2 CG ‘15 F 21 7/5 8/11 20 50   45   5   0   0   11,905 Captured 
34.2 CG ‘15 F 21 7/10 8/8 20 5   80   15   0   0   26,492 Lost 
68 CG ‘15 F 32 5/18 7/1 21 43   52   5   0   0   2,351 Captured 
61.2 CG ‘15 F 23 6/24 7/15 21 43   52   0   0   0   2,351 Lost 
6 W ‘15 F 24 6/10 7/5 22 9   91   0   0   0   2,445 Dead 
26.2 CG ‘15 F ND 7/10 8/10 28 4   96   0   0   0   4,225 Captured 
31 CG ‘15 F 43 5/18 6/24 29 34   52   14   0   0   112,648 Captured 
31.2 W ‘15 F 42 7/5 8/10 34 9   79   6   6   0   15,957 Captured 
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Appendix C1 continued 
        Proportion of locations   
ID 
# 
Site Year Sex 
Mass 
(g) 
Start 
Date 
End 
Date 
# 
Locations 
W G A F D 
Home 
Range 
Fate 
34 CG ‘15 F 45 5/18 6/30 35 17   80   6   0   0   7,279 Captured 
78.2 W ‘15 F 45 7/5 8/10 36 0   36   53   11   0   13,160 Dead 
85.2 W ‘15 F 26 6/24 8/8 44 7   93   0   0   0   3,811 Lost 
83.2 W ‘15 F 36 6/24 8/10 45 44   42   13   0   0   3,135 Dead 
6.2 CG ‘15 M ND 7/10 7/16 7 14   71   14   0   0     -  Lost 
40 W ‘15 M 23 5/18 6/6 15 33   67   0   0   0     -  Lost 
68.2 W ‘15 M 36 7/10 7/24 15 27   73   0   0   0     -  Lost 
53 CG ‘15 M 41 5/18 6/6 16 38   56   6   0   0     -  Lost 
13 CG ‘15 M 47 6/3 7/23 19 0   95   5   0   0     -  Lost 
29.2 CG ‘15 M 24 6/24 7/14 19 16   84   0   0   0     -  Lost 
0 CG ‘15 M 38 6/3 6/25 20 40   50   10   0   0   28,316 Lost 
23 W ‘15 M 22 5/18 6/23 20 15   70   5   10   0   3,053 Lost 
56 W ‘15 M 22 5/18 8/11 20 30   70   0   0   0   26,696 Captured 
49 W ‘15 M 22 5/18 6/14 26 19   77   4   0   0   13,961 Lost 
85 W ‘15 M 29 5/18 6/20 29 21   69   7   3   0   21,637 Captured 
26 W ‘15 M 24 5/18 6/22 30 70   30   0   0   0   3,062 Captured 
4 CG ‘15 M 20 6/24 8/10 31 35   39   26   0   0   45,783 Captured 
80 CG ‘15 M 38 5/18 7/23 34 62   35   3   0   0   24,375 Dead 
46 W ‘15 M 22 5/18 6/23 34 53   47   0   0   0   17,168 Captured 
15.2 W ‘15 M 37 7/5 8/10 35 6   89   6   0   0   11,743 Captured 
15 W ‘15 M 22 5/18 6/23 36 31   69   0   0   0   15,011 Captured 
78 CG ‘15 M 49 5/18 6/26 37 32   59   8   0   0   3,273 Captured 
73.2 W ‘15 M 22 6/24 8/7 41 56   41   0   2   0   14,469 Captured 
0.3 W ‘16 F 35 6/18 6/22 5 80   20   0   0   0     -  Lost 
53.2 W ‘16 F 37 5/30 6/3 5 0   100   0   0   0     -  Lost 
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Appendix C1 continued 
        Proportion of locations   
ID 
# 
Site Year Sex 
Mass 
(g) 
Start 
Date 
End 
Date 
# 
Locations 
W G A F D 
Home 
Range 
Fate 
4.3 W ‘16 F 39 7/15 7/20 6 50   50   0   0   0     -  Dead 
94 CG ‘16 F 43 7/15 7/20 6 33   67   0   0   0     -  Lost 
40.2 W ‘16 F 49 5/30 6/8 9 33   67   0   0   0     -  Lost 
46.3 CG ‘16 F 44 6/6 6/21 12 17   83   0   0   0     -  Lost 
60.2 CG ‘16 F 28 6/22 7/11 14 0   64   36   0   0     -  Dead 
0.2 W ‘16 F 48 5/30 6/15 15 20   80   0   0   0     -  Captured 
45 W ‘16 F 28 5/30 6/15 15 53   47   0   0   0     -  Captured 
15.3 CG ‘16 F 34 6/22 7/14 17 0   94   6   0   0     -  Dead 
13.3 W ‘16 F 37 7/15 8/8 18 17   11   72   0   0     -  Captured 
89.2 CG ‘16 F 31 7/15 8/8 19 0   68   21   11   0     -  Captured 
50 W ‘16 F 28 5/30 6/21 20 90   10   0   0   0   6,423 Lost 
80.2 W ‘16 F 36 7/15 8/7 21 76   24   0   0   0   1,817 Dead 
31.4 CG ‘16 F 28 6/22 7/20 23 4   83   13   0   0   48,784 Dead 
4.4 W ‘16 F 46 7/15 8/8 25 16   84   0   0   0   6,218 Captured 
26.3 W ‘16 F 40 7/15 8/8 25 16   84   0   0   0   981 Captured 
79 CG ‘16 F 40 5/30 7/10 27 19   74   4   0   4   116,546 Lost 
4.2 W ‘16 F 40 5/30 7/4 30 100   0   0   0   0   3,756 Dead 
73.3 CG ‘16 F 27 5/30 7/17 30 3   93   3   0   0   246,661 Lost 
48 W ‘16 F 32 5/30 8/8 39 8   72   21   0   0   91,824 Captured 
18 W ‘16 F 43 5/30 8/8 47 30   64   0   0   6   188,581 Captured 
70 CG ‘16 M 31 5/30 6/2 4 0   100   0   0   0     -  Dead 
56.2 CG ‘16 M 34 6/1 6/15 12 83   17   0   0   0     -  Dead 
60 CG ‘16 M 45 5/30 6/15 12 42   58   0   0   0     -  Dead 
78.3 CG ‘16 M 25 5/30 8/9 13 38   54   8   0   0     -  Captured 
31.3 CG ‘16 M 33 5/30 6/15 15 47   60   0   0   0     -  Captured 
1.2 CG ‘16 M 39 5/30 6/21 18 28   67   6   0   0     -  Lost 
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Appendix C1 continued 
        Proportion of locations   
ID 
# 
Site Year Sex 
Mass 
(g) 
Start 
Date 
End 
Date 
# 
Locations 
W G A F D 
Home 
Range 
Fate 
92 CG ‘16 M 30 5/30 6/26 18 0   67   28   0   6     -  Lost 
60.3 CG ‘16 M 36 7/15 8/8 22 18   82   0   0   0   6,481 Captured 
89 CG ‘16 M 24 5/30 6/28 24 83   17   0   0   0   3,740 Dead 
13.2 W ‘16 M 45 5/30 7/4 30 90   10   0   0   0   30,535 Dead 
45.2 W ‘16 M 31 6/18 8/8 49 14   84   2   0   0   70,017 Captured 
42 W ‘16 M 45 5/30 8/8 66 94   6   0   0   0   2,640 Captured 
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C2. Groups individual adult Leopard Frogs were assigned to for known fate analysis. Groups are organized by Site Sex Year. CG = 
Cerro Gordo, W = Worth, F=Female, M=Male, 15 = 2015, and 16 = 2016. “1” indicates frogs were in that group, with group totals in 
the last row. 
Frog ID CG F 15 CG M 15 CG F 16 CG M 16 W F 15 W M 15 W F 16 W M 16 
0 0 1 0 0 0 0 0 0 
0.2 0 0 0 0 0 0 1 0 
0.3 0 0 0 0 0 0 1 0 
1 0 0 0 0 1 0 0 0 
1.2 0 0 0 1 0 0 0 0 
4 0 1 0 0 0 0 0 0 
4.2 0 0 0 0 0 0 1 0 
4.3 0 0 0 0 0 0 1 0 
4.4 0 0 0 0 0 0 1 0 
6 0 0 0 0 1 0 0 0 
6.2 0 1 0 0 0 0 0 0 
13 0 1 0 0 0 0 0 0 
13.2 0 0 0 0 0 0 0 1 
13.3 0 0 0 0 0 0 1 0 
15 0 0 0 0 0 1 0 0 
15.2 0 0 0 0 0 1 0 0 
15.3 0 0 1 0 0 0 0 0 
18 0 0 0 0 0 0 1 0 
23 0 0 0 0 0 1 0 0 
26 0 0 0 0 0 1 0 0 
26.2 1 0 0 0 0 0 0 0 
26.3 0 0 0 0 0 0 1 0 
29 1 0 0 0 0 0 0 0 
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Appendix C2 continued 
Frog ID CG F 15 CG M 15 CG F 16 CG M 16 W F 15 W M 15 W F 16 W M 16 
29.2 0 1 0 0 0 0 0 0 
31 1 0 0 0 0 0 0 0 
31.2 0 0 0 0 1 0 0 0 
31.3 0 0 0 1 0 0 0 0 
31.4 0 0 1 0 0 0 0 0 
34 1 0 0 0 0 0 0 0 
34.2 1 0 0 0 0 0 0 0 
40 0 0 0 0 0 1 0 0 
40.2 0 0 0 0 0 0 1 0 
42 0 0 0 0 0 0 0 1 
45 0 0 0 0 0 0 1 0 
45.2 0 0 0 0 0 0 0 1 
46 0 0 0 0 0 1 0 0 
46.2 1 0 0 0 0 0 0 0 
46.3 0 0 1 0 0 0 0 0 
48 0 0 0 0 0 0 1 0 
49 0 0 0 0 0 1 0 0 
50 0 0 0 0 0 0 1 0 
53 0 1 0 0 0 0 0 0 
53.2 0 0 0 0 0 0 1 0 
56 0 0 0 0 0 1 0 0 
56.2 0 0 0 1 0 0 0 0 
59 0 0 0 0 1 0 0 0 
60 0 0 0 1 0 0 0 0 
60.2 0 0 1 0 0 0 0 0 
60.3 0 0 0 1 0 0 0 0 
61 0 0 0 0 1 0 0 0 
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Appendix C2 continued 
Frog ID CG F 15 CG M 15 CG F 16 CG M 16 W F 15 W M 15 W F 16 W M 16 
61.2 1 0 0 0 0 0 0 0 
64 1 0 0 0 0 0 0 0 
68 1 0 0 0 0 0 0 0 
68.2 0 0 0 0 0 1 0 0 
70 0 0 0 1 0 0 0 0 
73 1 0 0 0 0 0 0 0 
73.2 0 0 0 0 0 1 0 0 
73.3 0 0 1 0 0 0 0 0 
78 0 1 0 0 0 0 0 0 
78.2 0 0 0 0 1 0 0 0 
78.3 0 0 0 1 0 0 0 0 
79 0 0 1 0 0 0 0 0 
80 0 1 0 0 0 0 0 0 
80.2 0 0 0 0 0 0 1 0 
83 1 0 0 0 0 0 0 0 
83.2 0 0 0 0 1 0 0 0 
85 0 0 0 0 0 1 0 0 
85.2 0 0 0 0 1 0 0 0 
89 0 0 0 1 0 0 0 0 
89.2 0 0 1 0 0 0 0 0 
92 0 0 0 1 0 0 0 0 
94 0 0 1 0 0 0 0 0 
Total 11 8 8 9 8 11 14 3 
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APPENDIX D. PESTICIDES DETECTED 
D1. Concentration of pesticides (ng/PSD) detected in silicone PSDs associated with radio tracked individuals in Iowa, 2016. ND = not 
detected. 
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CG 60.3 7/30/2016 10.7 21.4 4.80 10.6 ND  2.23 32.8 ND  7.86 ND  5.71 ND  8 
CG 60.3 8/8/2016 ND  9.91 2.46 54.9  ND   ND   ND  9.18 ND    ND   ND   ND  4 
CG 89.2 7/30/2016 54.4 16.3 4.24 8.42 ND  ND  3.10 6.76 5.98 ND  2.86 ND  8 
CG 89.2 8/8/2016  ND  26.0 ND   8.82 2.50 ND    ND  5.62 2.30 ND    ND   ND  5 
W 26.3 7/30/2016 6.88 33.0 8.10 61.0 7.44 7.22 3.68 41.9 5.34 49.3 5.71 16.9 12 
W 26.3 8/8/2016 ND   10.9 11.2 38.4 3.04 2.60 ND    ND   ND   ND   ND  5.36 6 
W 18 7/3/2016 5.76 ND  ND  ND  ND  ND  2.80 ND  ND  ND  ND  ND  2 
W 18 7/30/2016 ND  21.1 5.60 128 7.61 33.2 6.64 55.4 4.64 103 12.9 6.88 11 
W 18 8/8/2016 ND   9.10 5.38 24.7 ND   2.53 ND   6.58 ND    ND   ND   ND  5 
W 4.4 7/30/2016 4.98 35.9 3.74 55.1 5.46 10.7 4.78 3.92 10.3 60.6 7.07 9.17 12 
W 4.4 8/8/2016 ND   23.5 13.4 44.3 4.12 3.03 ND    ND  3.42 ND    ND  15.6 7 
W 13.2 7/30/2016 23.6 23.9 5.72 13.7 2.86 6.89 56.2 7.86 ND  28.1 ND  5.73 10 
W 13.2 8/8/2016 ND   15.5 10.9 25.8 2.86 ND    ND  14.6 ND    ND   ND  2.04 6 
W 42 7/3/2016 11.1 ND  ND  ND  ND  ND  ND  7.74 ND  ND  ND  ND  2 
W 42 7/17/2016 43.1 13.7 ND  2.98 ND  2.65 75.3 5.20 3.48 ND  ND  1.25 8 
W 42 7/30/2016 23.3 38.9 8.42 51.0 5.06 18.2 28.8 ND  8.54 84.4 18.0 15.8 11 
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Appendix D1 continued 
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W 42 8/8/2016 3.24 20.5 9.26 29.4 2.38 3.41 2.48 ND   3.70 39.0 4.20 4.26 11 
W 45.2 7/3/2016 189 ND  ND  ND  ND  ND  15.8 ND  ND  ND  ND  ND  2 
W 45.2 7/17/2016 ND  ND  ND  ND  ND  ND  2.10 6.48 ND  ND  ND  ND  2 
W 45.2 7/30/2016 ND  32.1 6.14 81.9 18.0 22.2 ND  4.18 9.72 57.7 3.57 47.5 10 
W 45.2 8/8/2016 ND   7.78 7.66 37.0 2.32 5.49 ND    ND   ND  27.2 ND   2.85 7 
W 48 7/3/2016 ND  ND  ND  ND  ND  ND  4.30 ND  ND  ND  ND  ND  1 
W 48 7/17/2016 ND  ND  ND  2.34 ND  ND  2.48 3.20 ND  ND  ND  ND  3 
W 48 7/30/2016 ND  20.7 4.26 65.1 5.56 15.0 9.48 30.1 3.06 47.7 ND  10.7 10 
W 48 8/8/2016 ND    ND  7.78 24.6 2.80 ND    ND   ND   ND  11.7 ND   6.12 5 
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D2. Concentration of pesticides detected (ng/PSD) in silicone PSDs placed from June-August in 2015 and 2016. Under pesticide 
names, H=Herbicide, I=Insecticide, and F=Fungicide; Site: CG = Cerro Gordo and W = Worth; Habitat: W=Wetlands, A=Agriculture, 
and G=Grassland; ND = not detected.  
S
it
e 
H
a
b
it
a
t 
D
a
te
 
A
tr
a
z
in
e
  
A
z
o
x
y
st
r
o
b
in
  
B
if
e
n
th
r
in
  
C
h
lo
r
p
y
r
if
o
s 
 
C
y
h
a
lo
th
r
in
  
C
y
p
r
o
c
o
n
a
z
o
le
  
E
sf
e
n
v
a
le
ra
te
  
F
lu
x
a
p
y
r
o
x
a
d
  
F
lu
tr
ia
fo
l 
 
Im
id
a
c
lo
p
r
id
 
M
e
to
la
c
h
lo
r
  
P
e
rm
e
th
ri
n
  
P
r
o
p
ic
o
n
a
z
o
le
  
P
y
r
a
c
lo
st
r
o
b
in
  
T
e
b
u
c
o
n
a
z
o
le
  
T
r
if
lo
x
y
st
r
o
b
in
  
T
r
if
lu
r
a
li
n
  
   
H F I I I F I F F I H I F F F F H 
CG W 7/3/2016 29.4 ND ND 9.12 ND ND ND ND ND ND 14.6 ND 2.02 ND ND ND ND 
CG W 8/9/2016 4.08 94.6 ND 141 ND ND ND 6.98 ND ND 2.18 ND 33.9 ND ND ND ND 
CG W 8/9/2016 8.86 35.3 ND 7.04 ND ND ND ND ND ND ND ND 15.1 ND ND ND ND 
CG W 8/13/2015 ND 3.31 3.78 157 ND ND 60.6 ND ND ND 2.48 ND ND ND ND ND ND 
W W 7/3/2016 120 ND ND ND ND ND ND ND ND ND 36.5 ND ND ND ND ND ND 
W W 8/13/2015 ND ND 2.18 17.0 ND ND ND ND ND ND ND ND ND ND ND ND ND 
W W 8/13/2015 ND ND 1.89 24.0 ND ND ND ND ND ND ND ND ND ND 15.9 ND ND 
W W 7/30/2015 7.10 14.3 2.02 6.62 ND ND ND ND ND ND 7.64 ND 13.6 51.5 12.7 6.20 ND 
W W 7/30/2015 4.20 ND ND 4.16 ND ND ND ND ND ND 4.14 ND 3.52 15.1 6.06 ND ND 
CG W 7/30/2015 2.24 5.46 ND 4.72 ND 3.14 ND ND 6.28 ND 2.36 ND 6.50 72.1 11.0 8.06 ND 
W W 8/9/2016 11.2 39.0 ND 41.4 ND ND ND 12.2 ND ND 5.72 ND 14.9 ND 26.7 5.40 ND 
W W 8/9/2016 ND 41.8 5.14 29.0 ND ND ND 5.28 ND ND ND ND 9.94 ND 12.1 10.7 ND 
W W 7/17/2016 71.5 30.6 ND ND ND ND ND 11.2 ND ND 122 ND 19.3 ND ND ND ND 
W W 7/30/2016 24.5 37.2 ND 5.98 ND ND ND 20.3 ND ND 45.8 ND 15.3 141 50.3 8.04 ND 
W W 7/30/2016 38.3 96.4 3.80 41.9 3.44 ND ND 44.6 ND ND 154 ND 47.1 311 127 27.6 ND 
W W 7/17/2016 45.4 33.0 ND 5.18 ND ND ND 5.46 ND ND 67.8 ND 17.7 ND ND ND ND 
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Appendix D2 continued 
S
it
e 
H
a
b
it
a
t 
D
a
te
 
A
tr
a
z
in
e
  
A
z
o
x
y
st
r
o
b
in
  
B
if
e
n
th
r
in
  
C
h
lo
r
p
y
r
if
o
s 
 
C
y
h
a
lo
th
r
in
  
C
y
p
r
o
c
o
n
a
z
o
le
  
E
sf
e
n
v
a
le
ra
te
  
F
lu
x
a
p
y
r
o
x
a
d
  
F
lu
tr
ia
fo
l 
 
Im
id
a
c
lo
p
r
id
 
M
e
to
la
c
h
lo
r
  
P
e
rm
e
th
ri
n
  
P
r
o
p
ic
o
n
a
z
o
le
  
P
y
r
a
c
lo
st
r
o
b
in
  
T
e
b
u
c
o
n
a
z
o
le
  
T
r
if
lo
x
y
st
r
o
b
in
  
T
r
if
lu
r
a
li
n
  
   H F I I I F I F F I H I F F F F H 
W W 7/3/2016 6.38 ND ND ND ND ND ND ND ND ND 3.70 ND ND ND ND ND ND 
CG A 7/17/2016 6.92 37.7 ND 8.14 ND ND ND ND ND ND 9.76 ND 19.2 ND ND ND 2.28 
CG A 7/30/2016 3.70 28.1 ND 4.94 ND ND ND ND ND ND ND ND 8.98 ND ND ND ND 
CG A 8/9/2016 ND 85.8 ND 3.72 ND ND ND 7.98 ND ND ND ND 37.8 ND ND ND ND 
CG A 7/3/2016 9.56 ND ND ND ND ND ND ND ND ND 504 ND 5.68 ND ND ND 15.7 
CG A 8/13/2015 ND ND 3.54 116 12.0 ND 41.1 ND ND ND 2.06 ND 3.01 ND ND ND ND 
CG A 7/17/2016 6.52 49.1 ND 6.98 3.66 ND ND 11.8 ND ND 429 ND 28.8 ND ND ND 7.70 
W A 8/9/2016 15.8 31.2 14.8 102 4.08 ND ND 3.40 ND ND ND ND 11.7 ND ND 14.6 ND 
CG A 7/30/2015 2.40 3.54 2.22 5.71 ND ND ND ND ND ND 3.44 ND 3.83 37.1 8.19 5.47 ND 
CG A 7/30/2016 7.80 25.0 2.06 21.9 ND ND ND 8.84 ND ND 271 ND 17.9 ND ND ND 5.0 
W A 7/3/2016 480 ND ND ND ND ND ND ND ND ND 19.8 ND ND ND ND ND ND 
W A 7/30/2016 61.3 37.2 5.68 75.8 7.06 ND ND 13.5 ND ND 4.02 ND 21.2 66.3 19.3 27.0 ND 
W A 7/17/2016 62.9 20.3 ND 6.04 ND ND ND ND ND ND 4.06 ND 6.16 ND ND ND ND 
CG A 8/9/2016 ND 234 3.24 1219 66.5 ND ND 5.36 ND ND 18.5 ND 287 ND ND 6.66 3.74 
CG G 7/3/2016 8.44 ND ND ND ND ND ND ND ND ND 5.04 ND ND ND ND ND ND 
CG G 7/17/2016 ND 44.5 ND 3.86 ND ND ND ND ND ND 4.14 26.8 14.7 ND ND ND ND 
CG G 7/30/2016 ND 32.8 2.22 11.2 ND ND ND ND ND ND ND ND 16.3 ND ND ND ND 
CG G 8/9/2016 ND 25.1 ND 37.2 ND ND ND ND ND ND ND ND 21.4 ND ND ND ND 
W G 7/3/2016 2.98 ND ND ND ND ND ND ND ND ND 4.09 ND ND ND ND ND ND 
W G 7/17/2016 2.28 38.7 ND ND ND ND ND ND ND ND 2.26 ND 14.8 ND ND ND ND 
W G 7/30/2016 ND 35.1 2.34 40.2 7.20 ND ND 26.1 ND ND ND ND 16.2 80.7 18.40 24.2 ND 
W G 8/9/2016 ND 23.6 6.92 53.8 4.60 ND ND ND ND ND ND ND 16.0 ND ND 24.8 ND 
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Appendix D2 continued 
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   H F I I I F I F F I H I F F F F H 
CG G 7/30/2015 1.90 13.4 2.38 3.42 ND 8.04 ND ND 12.2 ND 4.16 ND 13.3 57.0 17.8 3.60 ND 
CG G 7/30/2015 ND 8.39 2.86 3.68 ND ND ND ND ND ND 2.98 ND 4.78 ND 3.42 ND ND 
CG G 8/13/2015 ND ND ND 28.9 ND 1.90 3.79 ND ND ND ND ND ND ND 8.52 ND ND 
CG G 8/13/2015 ND ND ND 60.8 ND ND 3.45 ND ND ND ND ND ND ND ND ND ND 
W G 7/30/2015 ND ND 3.00 4.31 ND ND ND ND 2.73 5.84 3.04 ND ND ND ND ND ND 
W G 7/30/2015 5.88 14.4 5.31 5.94 ND ND ND ND ND ND 6.28 ND 19.1 84.9 17.1 7.40 ND 
W G 8/13/2015 ND ND 6.70 31.4 ND ND ND ND ND ND ND ND ND ND ND ND ND 
W G 8/13/2015 ND ND 4.87 33.0 1.98 ND ND ND ND ND ND ND ND ND ND ND ND 
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D3. Pesticides detected (ng/g) in tissues of captured and euthanized Northern Leopard Frogs 
in Iowa. In 2015 whole frog bodies were homogenized and analyzed for pesticides and in 
2016 frog liver and gonads were dissected and analyzed. ND = not detected.  
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4 8/1/2015 1.38 ND ND ND ND ND ND ND ND 
26.2 8/1/2015 ND ND ND ND ND ND ND ND ND 
31 6/24/2015 2.68 ND ND ND 2.03 2.48 2.38 17.9 ND 
34 7/2/2016 ND ND 2.15 ND ND ND ND ND ND 
46 8/11/2016 1.29 1.94 ND ND ND ND ND ND ND 
68 7/2/2016 ND ND ND ND ND ND ND ND ND 
78 6/26/2015 4.10 ND ND ND 2.77 3.39 3.68 ND ND 
15 6/24/2015 ND ND ND ND ND ND ND ND ND 
15.2 8/1/2015 1.73 1.45 ND ND ND ND ND ND ND 
26 6/22/2015 3.07 ND ND ND 1.99 2.81 2.06 ND ND 
31.2 8/1/2015 1.43 ND ND ND ND ND ND ND ND 
46 6/24/2015 ND ND ND ND ND ND ND ND ND 
56 8/11/2015 4.12 2.70 ND ND ND 2.27 2.30 ND ND 
73.2 8/7/2015 1.15 ND ND ND ND ND 1.69 ND ND 
C1W 5/24/2016 ND ND ND 7.30 ND ND ND ND 230 
C2W 5/24/2016 ND ND ND 5.40 ND ND ND ND 71.8 
C3W 5/24/2016 ND ND ND 12.6 ND ND ND ND 24.4 
C4W 5/24/2016 ND ND ND 31.0 ND ND ND ND 23.2 
C5W 5/24/2016 ND ND ND 41.9 ND ND ND ND 19.1 
C1CG 5/24/2016 ND ND ND ND ND ND 7.60 ND 229 
C2CG 5/24/2016 ND ND ND ND ND ND ND ND 34.6 
C3CG 5/24/2016 ND ND ND 44.6 ND ND ND ND ND 
C4CG 5/24/2016 ND ND ND ND ND ND 21.7 ND 11.6 
C5CG 5/24/2016 ND ND ND ND ND ND 43.8 ND 33.3 
60.3 8/8/2016 ND ND ND ND ND ND ND ND 20.1 
89.2 8/8/2016 1.40 ND ND ND ND ND 3.26 ND 4.90 
78.3 8/9/2016 ND ND ND ND ND ND 28.0 ND ND 
4.4 8/8/2016 2.09 ND ND ND ND ND 4.59 ND ND 
13.3 8/8/2016 ND ND ND ND ND ND ND ND ND 
18 8/8/2016 ND ND ND ND ND ND ND ND ND 
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Appendix D3 continued 
In
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C
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F
en
b
u
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a
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le
 
M
et
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la
ch
lo
r
 
p
,p
'-
D
D
D
 
p
,p
'-
D
D
E
 
P
y
ra
cl
o
st
ro
b
in
 
T
eb
u
co
n
a
zo
le
 
26.3 8/8/2016 ND ND ND ND ND ND ND ND ND 
42 8/8/2016 ND ND ND ND ND ND 21.1 ND ND 
45.2 8/8/2016 ND ND ND ND ND ND ND ND ND 
48 8/8/2016 ND ND ND ND ND ND ND ND ND 
 
